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ABSTRACT
The Colville is the longest river (~600 km) in Arctic Alaska. Nuiqsut is an established 
Alaska Native community of ~400 people on the Colville River. Its residents rely heavily on the 
Colville for subsistence needs, however, changing river dynamics caused by accelerated bank 
erosion, river siltation, low water, and shifting and drying channels are causing concern and 
making boat travel increasingly difficult and dangerous. Recently, local residents have reported 
increased erosion at bluff sites along the Colville, which threatens existing infrastructure. Also 
reported are unexpected shallow water sections along the main channel of the Colville, limiting 
their access to subsistence food sources. Residents have expressed a need for monitoring 
erosional rates on the Colville as well as a map product that could aid in river navigation.
These concerns shaped the main goals of this Thesis:
1) To use remote sensing techniques to map and quantify erosion rates and the volume of 
land loss at selected bluff sites along the main channel of the Colville, and to assess the 
suitability of automated methods of regional erosion monitoring
2) To use optical satellite images for mapping river bathymetry and generate GIS map 
products that show potential shallow water sections (<2m) and poor channel connections, 
and to assess the feasibility of future monitoring based off our methods that rely on 
extracting relative water depth values from publicly available optical remote sensing 
images.
For our erosional study we used orthomosaics from high resolution aerial photos acquired in 
1955 and 1979/1982, as well as high resolution WorldView-2 images from 2015 to quantify 
long-term erosion rates and the cubic volume of erosion. We found that, at the selected sites, 
erosion rates averaged 1 to 3.5 m per year. The erosion rate remained the same at one site and 
increased from 1955 to 2015 at two of the four sites. We estimated the volume of land loss to be 
in the magnitude of 166,000 m3 to 2.5 million m3 at our largest site. We also found that estimates 
of erosion were comparable for manual hand-digitized and automated methods, suggesting our 
automated method was effective and can be extended to monitor erosion at other sites along river 
systems that are bordered by bluffs.
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For our bathymetry study we used summer 2017 scenes from three optical sensors 
(PlanetScope 3m, Sentinel 2 10m, and Landsat 30m) along with field measurements on the river 
to map shallow water bathymetry along a 45 km stretch of the Colville. We found a strong 
correlation (R2=0.89) between field-measured water depths and image-derived reflectance 
quantity (natural log ratio of green over red bands). We analyzed the two essential criteria for 
suitable bathymetry mapping from optical images: clear weather and clear water conditions. We 
expect several days (-16) of suitable conditions during the ice-free season to facilitate reliable 
bathymetry mapping and remote monitoring of shallow water sites. We also discuss a relative 
depth mapping technique which is useful for boat navigation in the absence of ground truth 
measurements. We deliberately employed simple and robust empirical techniques that could 
serve as a basis for a fully developed river monitoring project in the near future led by local 
community residents. An implementation of our methods by the community, in order to develop 
a river depth monitoring program, would be an important step forward for the advancement of 
community-based science and the co-production of knowledge. Our technique may help address 
emerging environmental and societal issues in other regions where sufficient river navigation 
fosters local livelihoods.
iv
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Chapter 1
INTRODUCTION
1.1. Background
Native Alaskan villages need a new way to monitor their resources. For thousands of 
years Traditional Ecological Knowledge (TEK) has helped shape the way these communities 
change and adapt their resource management. However, in today’s environment some of these 
resources are changing faster than ever which creates stress for TEK to keep up. One such 
resource is the rivers of Northern Alaska. These rivers serve as the transportation artery in a 
region with virtually no roads. Because of this, climate impacts on river geomorphic processes 
are particularly relevant to residents of river communities with mixed cash-subsistence 
economies, who heavily rely on the river for: recreation, visiting traditional family sites, and 
most importantly, access to their subsistence food sources that Northern Alaskan communities so 
heavily depend on (BurnSilver et al. 2016).
Subsistence harvesters within the Arctic region have expressed concern that changes in 
the environment are influencing their ability to move across landscapes and access traditional 
hunting, fishing, and gathering areas. Despite a sufficient natural-resource base in most areas, 
problems with access are a frequently expressed concern in many parts of the world where 
communities are trying to adapt to climate change and rely on local ecosystem services 
(Brinkman et al. 2016, Porter et al. 2014). Concerns such as increased erosion and shallow water 
create access issues for the users of these rivers. Decisions and policies need to be made in order 
to address these access issues for Northern Alaskan Communities. Unfortunately in today’s 
climate environment TEK alone isn’t always enough to sway decision and policy making 
(Nadasdy 1999). This is where a form of resource monitoring through the use of remote sensing 
can come into play.
Remote sensing has become a critical tool for monitoring natural resources by government 
agencies, conservation organizations, and private industry (Kennedy et al. 2009, Gross et al. 
2009, Philipson and Lindell 2003, Stow et al. 2005). An emerging theme in the design and 
implementation of remote sensing based resource monitoring projects is the process of
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stakeholder engagement by which scientists and stakeholders work together closely in an 
iterative relationship (Kennedy et al. 2009).
One aspect less discussed in literature is the effort to design remote sensing resource 
monitoring projects not only to be run by scientists, but be simple and robust enough to be 
undertaken by the communities themselves. This thesis aims to advance research to fill that gap 
by creating resource monitoring techniques and workflows that could potentially be repeated in 
the future by a non-technical community member in order to start cataloging changes over time. 
Involving the communities at this level creates a sustainable method for long term monitoring 
and change analysis that just can’t be supported by scientific research projects alone. No one 
cares more about the resources being monitored than the users of the resource in question. 
Enabling stakeholders to study their own resources using conventional science techniques along 
with their own TEK gives them the best knowledge and opportunity to manage and plan for their 
future.
1.2. Thesis Objectives
This thesis uses remote sensing to examine multiple aspects relating to river access for 
the Colville River in Northern Alaska. Our work focuses on the small native village of Nuiqsut, 
which sits along the Colville. The aims of this thesis are to use community observations to guide 
our research questions, as well as our focused study sites, and arm the communities with 
scientific methods to help monitor the river, which can further help with decision making and 
validation of our results.
This thesis was designed from the beginning to include the concerns voiced by the 
community of Nuiqsut in all steps of the scientific process, from project design, field work, and 
ultimately result in an easily repeatable product capable of monitoring changing conditions on 
the Colville. We compiled the community concerns through multiple means including literature 
review of past work in Nuiqsut, speaking to other researchers working with the community, 
attendance and discussion at meetings with Nuiqsut community leaders, visits to Nuiqsut, and 
speaking directly with residents about their experiences.
2
One of the first things we learned was that residents travel great distances on the river— 
from Umiat to the Beaufort Sea—for subsistence hunting. Food security is an issue in Nuiqsut. 
More than 50% of surveyed households reported that they were unable to get enough subsistence 
food and 25% of households reported that at times they did not have enough food to eat 
(Brubaker, 2014).
Recently, residents of Nuiqsut have noticed accelerated changes in the river environment. 
Residents report bank erosion both in the village, which threatens infrastructure, and throughout 
the river system. Also, reported are shallow water conditions and drying tributaries that interfere 
with travel, damage boat engines, create hazards, and raise concerns about fish migration 
(Brubaker et al. 2014).
The Colville is not a one channel river. It is a braided river often with multiple channels 
to choose from. The issue for subsistence travelers is choosing the right channel when trying to 
reach their hunting grounds. If a traveler chooses to go down a channel that is too shallow it can 
damage their boat propeller, which is a costly problem as well as a dangerous one if it leaves the 
boat and its passengers stranded. Residents report difficulty in navigating the river which has 
resulted in limited access to harvest sites upstream. Residents used to boat upstream up to Umiat 
(~90 miles away) and go on the Chandler River for moose hunting. A good fishing creek near 
town is no longer suitable for travel due to low water; erosion has led to rapid drainage and 
sedimentation (resident: Archie Ahkiviana). Understanding the Colville River dynamics and its 
impact on river navigability is important for food security, safety, and mental health of Nuiqsut 
residents.
The goal of this research is to study erosion and shallow water conditions along the 
Colville River using high-resolution remotely sensed data. This research addresses the following 
key questions related to river navigability issues.
Question 1:
Has erosion on the Colville been accelerating in recent years like residents believe, and if so, 
where are these sites of accelerated erosion and how much sediment has been eroded into the 
river?
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Objectives: For the selected stretch of the Colville River,
1. Map and estimate erosion rates and volume of land loss at selected bluff sites along 
the main channel of the Colville River from aerial photos and satellite imagery.
2. Assess the suitability of automated methods for regional erosion monitoring by 
comparing mapping results and land volume loss estimates from automated change 
detection methods and from hand-digitized measurements.
Question 1 and objectives 1 and 2 are discussed in thesis Chapter 2.
Question 2:
Where has the river gotten shallower over the years, and how could a remote sensing based depth 
product be useful for boat navigation?
Objectives: For the selected stretch of the Colville River,
3. Use digital image processing to estimate and map river bathymetry (water depth).
4. Produce GIS map products showing potential shallow water sections, sites of 
accelerated erosion, and poor channel connections, to aid river navigation.
5. Outline a simple and robust method for mapping river bathymetry for potential 
continued monitoring.
Question 2 and objectives 3, 4, and 5 are discussed in thesis Chapter 3.
Answering these questions and completing the research objectives serves twofold. First 
and most importantly it addresses real issues the community of Nuiqsut is facing. This study 
informs residents about the river and helps validate some of the changes they are documenting 
with TEK by means of western science. The second thing this thesis accomplishes is to create a 
framework for other studies that may wish to integrate TEK and science together in order to not 
only advance science but help communities make more informed decisions about their resources. 
The techniques outlined in the following pages are deliberately made to be robust and easily 
repeatable. This is done in order to enable non-scientists from Nuiqsut with basic knowledge of 
GIS, Remote Sensing, and limited resources the opportunity for continued monitoring and a 
better understanding of the river as a whole. This thesis pushes the idea of not only doing
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scientific research alongside native communities, but giving the communities the tools to do the 
research themselves. In this way it helps advance existing literature on community involved 
research and provides guidance to future projects of similar merit.
1.3. Study Area
The Colville is the longest river in the Alaskan North Slope with a course of 600 km. It is 
also the largest river basin (53,000 km2) north of the Brooks Range in Arctic Alaska. The river 
drains the North side of the Brooks Range and winds its way into a 550 km2 delta 250 km east of 
the community of Utqiagvik (formerly Barrow) before emptying into the Arctic Ocean (Arnborg 
et al. 1966). We chose to study this river because of its significance to Nuiqsut, a Native village 
located on the Colville River about 25km South (upstream) from the Arctic Ocean. Residents use 
the Colville to travel from Umiat to the Beaufort Sea—for subsistence hunting. For this thesis 
we chose to study a 45 km stretch of the Colville. This stretch runs from the Village of Nuiqsut 
and heads south (upstream) past Ocean Point. Residents frequent this section of the river to reach 
moose and caribou hunting grounds.
The Colville serves as the Eastern border for the National Petroleum Reserve in Alaska 
(NPRA) which means that our study area also falls within the NPRA and subsequently has been 
geologically observed and summarized extensively since the early 1900’s (Frederiksen et al. 
1987). The regional geology of the North Slope of Alaska has been summarized in numerous 
papers (Gryc et al. 1969, Morgridge and Smith 1972, Detterman 1973, Jamison et al. 1980, 
Carmen and Hardwick, 1983, Bird 1985). The North Slope of Alaska is broken into multiple 
regions with our study area being within the Arctic Coastal Plain (ACP). The ACP stretches 
along the coast of the Arctic Ocean from Cape Beaufort in the West to the Canadian border on 
the East. The ACP is a flat featureless plain with thousands of oriented and unoriented lakes and 
drained lake basins (Black and Barksdale 1949). This region is underlain by continuous 
permafrost, perennially frozen ground, and is dominated by ice wedge polygons as well as other 
permafrost features (Black 1964).
Many large arctic rivers that flow south to north originate in non-permafrost zones. The 
Colville is unique in being one of the few large Arctic rivers that runs completely within a 
continuous permafrost zone. This is important because it limits geomorphic processes such as
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runoff and groundwater discharge to a few short months of the ice-free season in late spring and 
summer (Walker and Hudson 2003). During this short summer season the geomorphological 
processes of the river are heavily controlled by permafrost. Thermal erosion and toe undercutting 
due to thawing permafrost along the river banks accounts for large chunks of land loss and 
erosion rates up to 3m per year in this region (Payne et al. 2018). During the first few weeks of 
breakup, usually between late May and mid-June, nearly 50% of annual discharge occurs 
(Walker et al. 1987) resulting in almost 75% of annual erosion and sediment load (Arnborg et al. 
1966). Discharge and erosion decrease throughout the summer into early fall where temperatures 
remain consistently below freezing and the river freezes completely over.
The surficial geology of our study area is comprised mainly of Quaternary deposits as 
part of the larger Gubik formation that dominates the Arctic Coastal Plain. The term Gubik 
(which is believed to originate from the Eskimo name for the Colville River, Kupik) is used to 
describe all unconsolidated surficial materials overlying Cretaceous and Tertiary rocks in the 
ACP which were created by deposition (Leffingwell 1919). A vast majority of our study area, 
which encompasses the main channel of the Colville from Nuiqsut past Ocean Point, has 
stratified quaternary deposits of fine to medium sand, silty sand, and gravelly sand (Carter and 
Galloway 2005). The only exceptions we see to this are along the north banks of the Nigliq 
channel near Nuiqsut and along the western bank of Ocean Point near the southern end of our 
study area. The Nigliq channel is an offshoot of the main Colville that stems off near the village 
of Nuiqsut and heads to the Arctic Ocean along the west side of the Colville delta. It is a very 
important channel as it is used by Nuiqsut to reach the main Colville as well as the Arctic Ocean. 
Along the Nigliq we see banks of slightly finer grained deposits than the rest of our study area as 
well as deposits and bedding of cobble gravel due to erosion of larger fluvial deposits near the 
village of Nuiqsut (Carter and Galloway 2005). For this reason, the Nigliq channel is also used to 
dredge for gravel which helps build and maintain roads in Nuiqsut. The biggest geologic 
difference we see in our study area is along the high west bank bluffs of Ocean Point. This 
section exposes a Cretaceous non-marine sandstone, siltstone, and shale with minor coaly beds 
and thin tephra layers. This is one of the few places near our study area where we see non 
Quaternary deposits at the surface (Carter and Galloway 2005).
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The climate of our study area is of great importance to this thesis due to the nature of our 
research and its relation to climate change. Our study area is in an Arctic region which is 
characterized by long winters with temperatures well below freezing for most of the year 
followed by short moderate summers. Most recently average yearly air temperatures near 
Nuiqsut range from around -8 to -9oC with average winter snow depths measuring around 20 cm 
(USGS Climate Data). Climate change particularly affects Arctic regions, as reported by 
Wendler et al. (2014) where a 2.7oC increase in average air temperature was seen across Arctic 
Alaska between 1979 and 2013, far greater than any other regional increase observed in Alaska. 
These results are also backed up by Payne et al. (2018) where climate data is analyzed from the 
USGS and shows significantly positive increases in average air temperature, ground temperature, 
and snow depth for three sites near our study area within the past two decades. The warming of 
the arctic has also affected length of the ice-free summer season for the Colville. It has been 
reported that these warming trends have caused a lengthening of the Arctic melt season at a rate 
of 4 to 5 days per decade since 1979 (Stroeve et al. 2014).
1.4. Thesis Outline
Chapter 1 provides the general background and introduces the research questions and 
objectives. It also introduces the study area and the structure of the thesis.
Chapter 2, entitled “Remote Sensing of Erosion on the Colville River, North Slope
Alaska” is published in the Remote Sensing journal. It presents remote sensing techniques to 
examine the massive bank erosion over a 60 year period along selected bluffs on the Colville, 
which is a concern expressed by local residents. It also presents the suitability of automated 
method for regional erosion monitoring. By studying long term erosion rates on the river we can 
determine whether concerns of increased erosion are true and what that might mean for the 
community of Nuiqsut. Heavy river erosion creates many reasons for residents to be concerned 
including but not limited to, damage of infrastructure, loss of traditional sites, loss of fish habitat, 
and increased sediment load into the river system which can create shallow water and limit 
access to hunting and fishing sites. Having an idea of erosion patterns in the past can help the
community of Nuiqsut in planning and decision making for their future.
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Chapter 3 entitled “Remote Monitoring of Shallow Water Sites to Inform Boat 
Navigation on the Colville River, Alaska: A Feasibility Study” is being submitted to the 
Environmental Research Letters for publication. In this chapter we focus on calculating Colville 
river bathymetry from remote sensing using a common band ratio formula (Legleiter et al. 2009). 
We use these bathymetry calculations to map areas of shallow water on the river which is a 
common concern from Nuiqsut residents. In a landscape where roads are nonexistent, residents 
rely on the river for safe access to their traditional subsistence hunting and fishing sites. Recently 
residents have reported shallow water spots on the river which create hazardous conditions and 
inhibit access to subsistence sites. Issues relating to subsistence access have been identified as 
one of the key future concerns for Native Alaskan communities, even more so than subsistence 
resource abundance and seasonal availability (Brinkman et al. 2016). For future decision and 
policy making for Native Alaskan communities more attention needs to be focused on 
harvester’s access to a resource, not just resource abundance. By studying a common river access 
issue (shallow water) we can enable Native Alaskan Communities to advance the subsistence 
policy discussion while contributing to the field of remote sensing of river bathymetry 
simultaneously.
Chapter 4 synthesizes the general finding from both chapters 2 and 3 and provides the 
larger framework of issues related to dynamics and navigability of a large Arctic river, its 
impacts on the local communities, and the feasibility of locally monitoring the river using simple 
remote sensing methods. The chapter also presents thoughts on future research directions 
stemming from this work.
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Chapter 2
1Remote Sensing of River Erosion on the Colville River, North Slope Alaska1 
Abstract
The Colville is an Arctic river in the Alaska North Slope. The residents of Nuiqsut rely 
heavily on the Colville for their subsistence needs. Increased erosion has been reported on the 
Colville, especially along bluffs, which shaped the goals of this study: to use remote sensing 
techniques to map and quantify erosion rates and the volume of land loss at selected bluff sites 
along the main channel of the Colville, and to assess the suitability of automated methods of 
regional erosion monitoring. We used orthomosaics from high resolution aerial photos acquired 
in 1955 and 1979/1982, as well as high resolution WorldView-2 images from 2015 to quantify 
long-term erosion rates and the cubic volume of erosion. We found that, at the selected sites, 
erosion rates averaged 1 to 3.5 m per year. The erosion rate remained the same at one site and 
increased from 1955 to 2015 at two of the four sites. We estimated the volume of land loss to be 
in the magnitude of 166,000 m3 to 2.5 million m3 at our largest site. We also found that estimates 
of erosion were comparable for manual hand-digitized and automated methods, suggesting our 
automated method was effective and can be extended to monitor erosion at other sites along river 
systems that are bordered by bluffs.
2.1. Introduction
Erosion plays a significant role in the changing environment of a river. It affects water flow, 
water quality, channel width and depth, and safe use of a river as a transportation corridor. In the 
Arctic, climate warming severely influences river geomorphic processes, including erosion, 
especially when a river runs through a continuous permafrost zone [1]. Warmer air and water 
temperatures lead to more pronounced thermal erosion and toe undercutting of ice-rich 
permafrost banks, resulting in erosion through massive block failures. This process is unique to 
rivers flowing through continuous permafrost and results in higher bank erosion rates with 
increasing bank height, which is uncommon for non-periglacial rivers [2].
1 Article Published as: Payne C, Panda S, Prakash A. Remote Sensing of River Erosion on the Colville River, North Slope
Alaska. Remote Sensing. 2018 Mar 5;10(3):397.9
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The Colville River is frozen seven to eight months of the year, creating a very short ice-free 
season for intense erosion, transportation, and redeposition of sediment [3]. Climate impacts on river 
geomorphic processes are particularly relevant to residents of river communities with mixed cash- 
subsistence economies, who heavily rely on the river to access and harvest subsistence food [4]. 
There are two established Alaska Native communities along the Colville: Umiat and Nuiqsut. 
During our field visit we spoke with Nuiqsut residents about changes they perceive to the 
Colville River and the effects on the community. Residents reported accelerated erosion 
throughout the river system and difficulty in navigating the river, which has resulted in 
increasingly limited access to harvest sites upstream. Also, as part of a six-year study to 
understand social and ecological changes in Alaska and the ability of communities to adapt to 
those changes, Nuiqsut residents were asked “How has erosion changed along the Colville?”. Of 
the interviewed residents, 61% reported more or faster erosion along the Colville River now than 
there used to be, and that increased erosion contributes to changes in the river environment; and 
11% reported no change [5].
Some residents believe that the changes in the Colville River are happening due to recent 
climate warming. Wendler et al. [6] reported an average warming of 2.7 °C across Arctic Alaska 
from 1979 to 2013, which is far greater than that recorded during any other time period across 
Alaska as well as across other climate zones. Warmer ground and air temperatures caused earlier 
river breakups in recent years, leaving the river banks exposed to flowing water for longer 
periods [7]. Also, changes in seasonality are resulting in very intense and rapid seasonal changes 
to the Colville, such as lengthening of thawing season, and flooding during the spring snowmelt due 
to rapid warming [5]. Some studies on erosion in Northern Rivers [1] point to a possible 
correlation between climate warming and accelerated erosion. We will analyze air temperature, 
ground temperature, snow depth, and length of summer season data to verify if a similar trend 
also occurs in the Alaska North Slope, which may contribute to accelerated erosion along the 
Colville.
The focus of this paper is to investigate riverbank erosion at bluff bound sites of the 
Colville River using a simple yet robust approach that can be easily repeated on newer images. 
The goals of this study are (1) to map and estimate erosion rates and volume of land loss at 
selected bluff sites along the main channel of the Colville River from aerial photos and satellite 
imagery; and (2) to assess the suitability of automated methods for regional erosion monitoring
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by comparing mapping results and land volume loss estimates from automated change detection 
methods and manual hand-digitized measurements. We do this by identifying four sites of heavy 
erosion and measuring erosion rates at those sites using aerial and satellite imagery from 1955, 
1979, 1982, and 2015. We estimate the volume of land loss by using the mapped erosion area 
and terrain height from a high-resolution Arctic Digital Elevation Model (DEM), which employs 
a novel yet simple technique. For broader applicability of the research, we deliberately keep the 
processing approach simple, practical, and easy to repeat.
2.2. Study Area
The Colville is the longest river in the Alaskan North Slope with a course of 600 km. It 
drains into a 550 km2 delta, 250 km east of the community of Utqiagvik (formerly Barrow). The 
Colville River serves as one of the transportation arteries in the North Slope of Alaska, a region 
with virtually no roads. We chose this river because of its significance to Nuiqsut, a Native 
village located on the Colville River about 25 km South (upstream) of the river mouth on the 
Beaufort Sea (Figure 2.1). Villagers travel great distances on the river, from Umiat to the 
Beaufort Sea, for subsistence hunting. They frequent this section of the river to reach moose and 
caribou hunting grounds.
We focused our study on the bluff bound parts of this frequently used section of the main 
channel of the Colville River. We used the main channel of the river to study erosion, as this is 
the primary navigation corridor and the larger channel size also makes it more appropriate for 
remote sensing-based mapping and investigation. We focused on bluff sites because extensive 
erosion usually occurs along bluffs [8-12]. Additionally, on nadir-looking remote sensing 
images, the sharp contrast between the tundra, the bluff face, and the river water is particularly 
suitable for delineating the water-land boundary, which is necessary to monitor erosion. We 
selected four bluff sites along the Colville (Figure 2.1) that suitably represent the variability of 
bluffs along the Colville. The bluff heights at these sites range from 5-33 m.
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Figure 2.1. Study area map showing a stretch of the Colville near the village of Nuiqsut, Alaska 
(AK). The four sites of heavy erosion studied here are highlighted in yellow.
2.3. Data
2.3.1. Remote Sensing Data
This study focused primarily on the use of remote sensing data (Table 2.1) to study erosion 
at selected sites on the Colville over an extended time period (since 1955). These include 
orthomosaics of the study sites from 1955 and 1979/1982, accessed through the Alaska National 
Science Foundation Established Program to Stimulate Competitive Research (Alaska NSF 
EPSCoR) data catalog [13]. The 1955 orthomosaic has an effective spatial resolution of 2 m and 
was generated using black and white images that were acquired by the US Geological Survey 
(USGS) in an airborne mission in late July of that year. The 1979/1982 orthomosaic has an 
effective spatial resolution of 1.7 m and was generated using color infrared images that were 
acquired during two separate airborne campaigns flown as a part of the Alaska High Altitude
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Aerial Photography mission. The southern half of the study area was imaged during the summer 
of 1979, while the northern half was imaged three years later in 1982. For the recent time period, 
we used a cloud-free WorldView-2 image from Digital Globe Inc. that had a spatial resolution of
1.4 m [14]. Together, these datasets covered a 60-year span (1955-2015), which is an ample 
amount of time to detect and study large-scale erosion along the river. For ease, in the remainder 
of this article we refer to the orthomosaics as images, as during the processing we treat them 
similar to any other satellite image.
We attempted to locate images for summers in the 2000-2010 time-frame to verify Nuiqsut 
residents’ statements about accelerated erosion in recent years, but were unable to access cloud- 
free, high-resolution imagery for that period.
Another key piece of data is the Arctic Digital Elevation Model (ArcticDEM), accessed 
through the Polar Geospatial Center at the University of Minnesota [15]. We used this 5 m 
resolution model to estimate and quantify the volume of land loss from the river banks due to 
erosion.
Table 2.1. Details of remotely sensed data used in this study.
Data Type Resolution Time Period Data Sources
USGS * North Slope Colville River 
Orthomosaic
Panchromatic: 2 
m
24 July 1955 GINA *, NSF *,
Alaska EPSCoR
*
AHAP * North Slope Colville River 
Orthomosaic
Color Infrared: 
1.7 m
Summer 1979 and 
1982
GINA, NSF, 
Alaska EPSCoR
WorldView-2 satellite image Multispectral: 1.4 
m
7 July 2015 DigitalGlobe
Inc.
ArcticDEM DEM: 5 m 2016 Polar Geospatial 
Center
North Slope climate data 1998-2016 USGS, Weather 
Underground
USGS *: United States Geological Survey. AHAP *: Alaska High Altitude Aerial Photography. 
GINA *: Geographic Information Network of Alaska. EPSCoR *: Established Program to Stimulate 
Competitive Research. NSF *: National Science Foundation.
2.3.2. Climate Data
Local climate data was accessed through the USGS [16] and Weather Underground [17] 
websites. We used data from USGS weather stations located around the North Slope of Alaska 
dating back to 1998. The closest USGS station to Nuiqsut is Fish Creek, located about 40 km 
NW of Nuiqsut. There is also an Umiat USGS station. Data used from these weather stations 
included monthly averages of both ground and air temperatures, and snow depth. Annual average
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air temperature data was also available for the village of Nuiqsut from the weather station 
located at their airstrip.
2.4. Methods
2.4.1. Mapping Erosion by Automated Digital Change Detection
Aerial and satellite images are commonly used to study river and coastal erosion [18]. For 
temporal monitoring and change detection, it is important to ensure that the different date images 
have minimal geolocation errors [19]. As mentioned above, we used images from three different 
time points to study the change over six decades in our study area. The images from 1955 and 
1979/1982 were already orthorectified; however, by inspection we found that the geolocation 
accuracy of these products was off by 4 to 10 m in some places, which was not optimal for our 
change analysis. For better geolocation accuracy and to reduce misregistration amongst the 
images we used the 2015 WorldView-2 image as the master/base image and carried out an 
image-to-image coregistration using tie-points and a first order affine transformation (Figure 
2.2). There were no man-made features on our 1955 image (Nuiqsut village was established in 
1974), therefore we used lakes that looked similar between the 1955, 1979/1982, and 2015 
images and had a distinguishing feature, such as a jutting peninsula or unique shoreline shape, 
that could be used as a tie-point. Since there is no way to definitively ascertain the depth of these 
lakes in the images, a relative water depth analysis was performed between the different years. 
For this analysis, we chose the lakes to be used as tie points, then measured between two 
distinguishable features across the same lake in different years. We assumed that lower water 
would mean a shorter distance between these two shore points and higher water, a farther 
distance. If a lake had a similar distance between features in both 2015 and earlier dates images, 
it was used as a tie point. Image-to-image coregistration resulted in the temporal images aligning 
with an accuracy of 2 m or less, as confirmed by verifying the locations and boundaries of 20 
lakes around each study site. Pixel sizes o f air photos and images used in this study ranged from
1.4 to 2 m, so a 2 m offset represented 1.5 pixels or less of registration error. This was an 
acceptable registration error for this study. Rather than resampling all the images to the same 
pixel size, we decided to keep the original pixel sizes. The small 0.6 m of difference between the 
1955 and 2015 image resolutions contributed a negligible amount of error to the land cover 
mapping.
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G o a l 2
Figure 2.2. A flowchart showing the data processing steps from site selection to erosion area 
and land loss volume estimation.*Land cover classification was performed using a maximum 
likelihood classifier on the 1979, 1982, and 2015 datasets; whereas, land cover classes (land and 
water) were manually digitized from the 1955 dataset.
We then performed a supervised classification using a maximum likelihood classifier on 
three (1979, 1982, and 2015) of the four images, generating three output classes: water, bare
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ground or sandbar, and tundra. We deliberately limited the number of classes because these were 
the three minimum classes needed in order to characterize either erosion or deposition. We chose 
to use a maximum likelihood classifier (MLC) because it can readily accommodate covarying 
data, a common occurrence with satellite image data, and MLC’s have been proven to perform 
well over a range of cover types, conditions, and sensing systems [20-23] Also, the fact that 
maximum likelihood is one of the most popular classifiers, simple to use, and readily available 
with free GIS platforms was important to us for potential future erosion monitoring by someone 
with limited resources.
The 1955 image was a single band panchromatic image. The signature of land cover 
features, such as tundra, sand bars, and the river, were similar enough that we could not 
satisfactorily map land cover using a digital classifier. Instead, we mapped the river channel 
through visual interpretation and manual digitization [24]. The digital signatures of bare ground 
(bluffs and sandbars) and shrub tundra were very similar in the 1955 panchromatic image, 
therefore we could not differentiate between the two. This gave us only two land cover classes 
(water, or land) for the 1955 panchromatic image. Land cover in the remaining images 
(1979/1982, and 2015) was separated into three classes: water, bare ground or sandbar, and 
tundra.
Upon completing the classification, we performed an accuracy assessment on each of the 
classified images [25]. We generated a total of 90 random points, 30 for each class. We then 
compared the land cover maps to the actual images at these random points and marked them as 
either matching the correct land cover type or not. Land cover classes were easy to identify on a 
standard false color composite of near infrared, red, and green bands, displayed in red, green, and 
blue respectively. Once these points were analyzed, we estimated percentages of overall 
accuracy based on how many points were correctly classified. User and producer accuracies were 
also calculated for each class (Table 2.2). Our 1955 image was hand-digitized and not classified 
like the others, therefore no accuracy assessment was performed. As seen in Table 2.2, each of 
the three images had near or above 95% overall classification accuracy and a Kappa value above 
0.9, which ensures high confidence mapping the erosion area.
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Table 2.2. Accuracy assessment table showing user, producer, overall accuracy, and the Kappa 
Coefficient for each of the three classified images.
Classification 1979 1982 2015
Accuracy U ser's P roducer's User‘s Producer‘s User‘s Producer‘s
Accuracy Accuracy Accuracy Accuracy Accuracy Accuracy
Water 96.7% 93.5% 100.0% 90.9% 100.0% 90.9%
Bare Ground/Sandbar 86.7% 100.0% 96.7% 96.7% 90.0% 100.0%
Tundra 100.0% 90.9% 90.0% 100.0% 100.0% 100.0%
Overall Accuracy 94.4% 95.6% 96.7%
Kappa Coefficient 0.92 0.94 0.96
After the accuracy assessment, a digital change detection was performed to identify areas of 
high erosion or deposition. Each of the three classes from each image was given a unique 
numerical value. Then, simple band math was performed by multiplying land cover classification 
images by each other for two different time periods (Figure 2.3) [26]. This gave a new classified 
image with nine unique values: three represented no change in land cover type between images; 
three represented erosion between images shown as either tundra changing to water, tundra 
changing to bare ground or sandbar, or bare ground or sandbar changing to water; and one 
outcome represented deposition, i.e., water changing to bare ground or sandbar. The final two 
outcomes were ignored as they represented water or sandbars turning back into tundra, a scenario 
which did not take place in this river system over this time scale. Figure 2.3 shows the 
classification values for 1979 and 2015 and the resulting table created by multiplying the two 
classification images. These nine results represented one of four possibilities, as listed at the 
bottom of the figure.
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1979
2015
Water Sandbar Tundra
1 2 3
Water
3 3 6 9
Sandbar
5 5 10 15
Tundra
7 7 14 21
2015
3 - water
5 - bare ground /  sandbar 
7 = tundra
Classified Image Values 
1979
1 - water
2 = bare ground /  sandbar
3 = tundra 
1979 - 2015 Change Detection
Unchanged: 3, 10, 21 
Erosion: 6, 9, 15
Deposition: 5 
N/A: 7, 14
Figure 2.3. Multiplying classified images by each other, resulting in values that represent 
different scenarios between 1979 and 2015.
2.4.2. Mapping Erosion by Manual Hand-Digitization
In the absence of field measurements, visual interpretation and manual digitization of bluff 
lines is the only logical approach to assess the accuracy of erosion area estimates from the 
automated digital change detection method. At the study sites, the river water abuts bluff faces. 
The simplicity of this land cover lends itself well to accurate mapping of the tundra-bluff and 
bluff-water boundaries using manual digitization based on visual interpretation.
We manually digitized the bluff lines at the four erosion sites for the years 1955, 1979/1982, and 
2015. The digitizing was performed directly on the original images, not on the classified or 
change detection images (Figure 2.2). For this study, “bluff line” was defined as the line where 
tundra can easily be distinguished from either water or sandbar. Using a tundra line on a cliff as 
our reference point for mapping bluff line erosion eliminates any discrepancies caused by
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changing water height between images that might cover or uncover patches of sandbar along the 
banks of the river.
After bluff lines were digitized for the three time periods, we estimated erosion using two 
measurements. Average erosion between images was calculated by sampling evenly across the 
digitized shorelines (using 15 transects) and by measuring the perpendicular distance from one 
year’s bluff line to the next. This was calculated three times for each site: between the bluff lines 
of 1955 and 1979/1982; 1979/1982 and 2015; and 1955 and 2015. The distance in meters 
between river bluff lines from different years gave us an erosional distance as well as a timespan, 
which was converted to an average erosion rate expressed as meters per year (m/year). Then, we 
estimated the maximum erosion rate at each site using only the transect of greatest value for each 
year. This maximum distance was also converted to erosion rate in m/year.
2.4.3. Estimating the Volume o f Land Loss
We calculated the cubic volume of land loss due to erosion by measuring the area of our 
four erosion sites and multiplying that by an average height based on current DEM values. We 
created vector polygons of the eroded sites based off the bluff lines digitized in the previous step. 
These polygons represent all of the erosion between 1955-1979/1982, 1979/1982-2015, and 
1955-2015 for each site. We then calculated the area of these polygons in square meters.
Elevation data for the 1955 and 1979/1982 bluff lines did not exist for our study sites. We 
also could not find any published methods to estimate paleo bluff line elevations that could be 
applied to decadal-scale change detection. To estimate bluff line elevations, we assumed that the 
current trajectory of changes in elevation and slope across a site reflected the trajectory of 
changes across the same site in the past. For each site, we plotted five transects across the 
available DEM: four perpendicular to the shoreline and a fifth running parallel along the whole 
erosion site (Figure 2.4). These five transects were plotted to show elevation changes. The 
average of all five transects was taken and used as the height value, in order to calculate cubic 
volume loss at all erosional sites with a simple formula:
V = A x h
V: volume of land loss in m3; A : area of erosion in m2; h : bluff height in m).
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Figure 2.4. ArcticDEM at Site 4, showing the digitized erosion area from 1955-2015 (red 
polygon). The five lines represent transects taken across DEM, in order to calculate the average 
height of tundra for erosional volume loss estimates. The four overlaid graphs show the profiles 
of each transect.
2.4.4. Analysis o f Climate Data
We analyzed the annual averages of ground and air temperature and snow depth for the 
Umiat and Fish Creek sites, and air temperature data from Nuiqsut, to determine any trends in 
the data and to see if any such trends were statistically significant at a confidence level of 95%. 
We wanted to learn and report the degree of climate warming and changes in snow cover near 
the study area because previous studies on Arctic river erosion have identified warming air 
temperature and increased snow cover as among the drivers of riverbank erosion [1,12].
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2.5. Results
2.5.1. Mapping Erosion Results
Figure 2.5 shows the classified map of Site 1, derived from the 2015 WorldView-2 image. 
The main river channel can easily be distinguished, as can sandbars along the river and the 
surrounding tundra. The grid-like feature in the bottom center of the image is the village of 
Nuiqsut. For our classification, roads and buildings most closely resembled bare ground/sandbar 
and were classified as such. The smaller blue shapes in the tundra are the lakes that litter the 
North Slope.
Figure 2.6 shows the areas of heavy erosion near Site 1 between 1955 and 2015. As 
expected, we see erosion, in red, along the outer bank of the river bends. Also, shown in green is 
the sandbar migration further into the river channel, representing deposition of sand from 
upstream.
Figure 2.5. Land cover classification map of Site 1, processed from the 2015 WorldView-2 
image using the maximum likelihood supervised classification method.
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Figure 2.6. A change detection layer highlighting erosion and deposition at Site 1 from 1955 to 
2015 overlaid on the 2015 WorldView-2 image.
2.5.2. Volume o f Land Loss Results
The measured erosion distances and calculated erosion rates for each of the four study sites 
(Table 2.3) were based on the hand-digitized bluff lines generated in this study. In Table 2.3, the 
second column from the right shows the cubic volume of erosion calculated from the automated 
digital change detection method without any input from the user. The percentage of error is 
shown for each of the cubic volume calculations performed using the digital change detection 
method. This error value represents the difference in estimation compared to the hand-digitized 
bluff lines and calculations, which are assumed to be as accurate as possible. A small percentage 
of error indicates that the automated method can be used as an acceptable substitute for mapping 
river erosion over large areas where hand-digitization and calculation are unfeasible.
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Table 2.3. Average and maximum erosion distances and rates for each site over our three time periods, expressed in meters and m/year, as well as the 
area of each erosion site between 1955 and 2015, with estimated cubic volume loss based on DEM.
Erosional Rates and Volume Estimations
Site Years Avg. Avg. Max.
Erosion Erosion Erosion 
Distance Rate Distance 
(m) (m/year) (m)
Max.
Erosion Rate 
(m/year)
Erosion Area, Hand- 
Digitized Calculation
(m2)
Erosion Area, 
Change Detection 
Calculation (m2)
Cubic Volume of Erosion, 
Hand-Digitized (m3)
Cubic Volume of 
Erosion, Change 
Detection (m3)
% Error Change 
Detection vs. 
Hand-Digitized
1
1955-1982 43 1.59 56 2.07 25,085 24,571
Average Elevation: 5.04 m 
126,428 123,838 2.05%
1982-2015 52 1.58 61 1.85 31,959 31,819 161,073 160,368 0.44%
1955-2015 95 1.58 117 1.95 57,044 57,411 287,502 289,351 0.64%
2
1955-1979 29 1.21 37 1.54 14,845 12,954
Average Elevation: 5.63 m 
83,577 72,931 12.74%
1979-2015 32 0.89 37 1.03 14,747 16,555 83,026 93,205 12.26%
1955-2015 61 1.02 68 1.13 29,592 26,866 166,603 151,256 9.21%
3
1955-1979 42 1.78 66 2.75 51,714 53,626
Average Elevation: 7.51 m 
388,372 402,731 3.70%
1979-2015 78 2.17 125 3.47 97,843 100,907 734,801 757,812 3.13%
1955-2015 120 2 180 3 149,557 156,396 1,123,173 1,174,534 4.57%
4
1955-1979 16 0.67 33 1.38 23,884 25,381
Average Elevation: 33.56 m 
801,547 851,786 6.27%
1979-2015 38 1.06 53 1.47 50,352 47,877 1,689,813 1,606,752 4.92%
1955-2015 54 0.9 87 1.45 74,236 72,889 2,491,360 2,446,155 1.81%
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As seen in Table 2.3, Sites 3 and 4 showed increased erosional rates and cubic volume loss 
since 1979, while Site 1 remained relatively constant over the entire timespan. Site 2 was the 
only site that showed a slowing down in erosion rate. It is worth noting that Sites 1, 3, and 4 
were all located on bends in the river; whereas, Site 2 was along a straight portion of the channel.
For each site, we calculated the average erosion rate for the time periods 1955-1979/1982 
and 1979/1982-2015, as well as for the whole period, from 1955 to 2015 (Figure 2.7). Erosion 
rates for the 1979/1982-2015 period were either equal to or greater than the 1955-1979/1982 
and 1955-2015 erosion rates at three of our four sites (Table 2.3).
A v e r a g e  E ro s io n  R a te s
itiüü 1955-1979/82 I 1979/82 20151955 2015
Site
Figure 2.7. Bar graph showing erosional rates at our four study sites.
Site 1: Based on hand-digitized erosion analysis, we found that areas of 25,085 m2 and 
31,959 m2 were eroded away between 1955 and 1982, and 1982 and 2015, respectively. The total 
area loss between 1955 and 2015 was 57,044 m2. With an average elevation of 5.04 m, this equals a 
total cubic volume loss of 287,502 m3. Estimating the average bluff retreat (or erosion) along lines 
perpendicular to the bluff face, we found similar erosion rates of 1.6 m/year for both 1955-1982 
and 1982-2015. When estimating cubic volume loss via automated change detection methods, 
we came out with very low error percentages compared to hand-digitized measurements: the 
error percentage was 2.05% when comparing the volume estimates for 1955-1982, while the 
estimate for 1982-2015 was almost perfect, with an error percentage of 0.44%.
Site 2: This was the only site that actually showed a significant reduction in erosion rates 
between the 1955-1979 and 1979-2015 time periods. Between 1955 and 2015 we calculated an 
average erosion rate of 1.21 m/year, whereas we only saw 0.89 m/year average erosion between 
1979 and 2015. As shown in Table 2.3, we saw very similar erosion volumes for both time periods,
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even though 1955-1979 was a 24-year span and 1979-2015 was a 36-year span. This, again, 
suggests slower rates of erosion over the 1979-2015 time period. As stated previously in this 
paper, we are unable to determine whether this slowing is indicative of the whole 36-year period, 
or if there were slower erosion years closer to 1979 that lowered the average for the past 10 to 15 
years, which residents report has been a period of increased erosion. Site 2 had the highest error 
percentages when comparing cubic volume loss estimates; the 9.21% error percentage for 1955­
2015 was far higher than other sites, which had percentages as low as 0.44%.
Site 3: This site exhibited both the fastest erosion rates, as well as the largest area of erosion 
of any site. Average erosion rates increased from 1.78 m/year to 2.17 m/year between the two 
included time periods. The maximum erosion rate for Site 3 was 3.5 m/year between 1979 and 
2015, which was by far the fastest rate of any site over any time period in our study. There was 
also a large increase in erosion area between the two time periods, from 51,714 m2 to 97,843 m2. 
With an average elevation of 7.51 m, this equates to an estimated cubic volume loss of 1,174,534 
m3 between 1955 and 2015. With such a large square area of erosion at Site 3, it is important to 
notice the low error percentages for volume estimates: all three digital change detection 
estimates were lower than 5% error, and as low as 3.13% error for the estimate between 1979 
and 2015.
Site 4: Similar to Site 3, Site 4 exhibited increasing erosion rates. From 1979 to 2015, the 
site had an average erosion rate of 1.06 m/year, which was a 58% increase from the 1955-1979 
timespan and shows an average erosion rate of 0.67 m/year. While Site 4 had the slowest erosion 
rate of all the sites, it did have the largest calculated cubic volume loss, which could be attributed 
to the large cliff, over 30m high, that occupied the site. Over the 60-year period from 1955 to 
2015, Site 4 saw more than 74,000 m2 of erosion, resulting in 2.5 million m3 of volume loss. 
Digital change detection for volume estimations at the site came back with low error percentages 
ranging from 1.8% to 6.2% error.
2.5.3. Error Analysis
We mapped riverbank erosion at four sites by following two approaches: (1) comparing the 
location of bluff lines that were hand-digitized using the 1955, 1979/1982, and 2015 images as a 
base; and (2) using automated change detection between the aforesaid images. As discussed in 
Section 2.4.1, we coregistered the 1955 and 1979/1982 images to the 2015 WorldView-2 image.
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Then, we verified the locational accuracy at 20 sites and observed 2 m or less shift between the 
images. The pixel sizes of these images ranged from 1.4 m to 2.0 m, so a maximum 2 m of 
spatial offset represented 1.5 pixels of registration error. In approach (1), we delineated the bluff 
lines using visual interpretation, and we believe that 0.6 m and 0.3 m differences in pixel sizes 
had a negligible effect on the accuracy of the bluff line positions, and the estimation of the long­
term erosion rate and area. In approach (2), we classified the input images (1979, 1982, and 
2015) into three simple land cover classes (water, bare ground, and tundra). The spatial 
distribution of these classes was such that they were arranged along a sequence of water, bare 
bluff face, and tundra. Because of this sequential arrangement, the differences in pixel size only 
affected the pixels along the boundary between two classes. The accuracy of the change 
detection was, in part, limited by the pixel size of the coarsest resolution input data used. In our 
study, the 1955 image with 2 m pixel size served as this limiting factor. Given that the lateral 
bank erosion in the study sites was in the order of tens of meters (at least an order of magnitude 
higher than the coarsest resolution image), we found the input images appropriate for meeting 
our change detection needs. In this particular case, the differences in pixel sizes were very small 
relative to the mapped erosion distances and area, and hence we assumed it had a negligible 
effect on long-term estimates of erosion rates and area. In the case of approach (1), the only 
significant source of error in the erosion area mapping was registration error, which propagated 
into the delineation of the bluff line. The hand-digitized erosion areas at the four sites for all time 
periods varied from 14,747 m2 to 149,557 m2 In order to find out the maximum possible error in 
erosion area estimation (i.e., the worst-case scenario), we adopted the buffer analysis approach 
[27]. Hughes et al. [27] used the buffer analysis approach to demonstrate the implications of 
georectification error when measuring lateral channel movement. We buffered the erosion areas 
by 2 m and compared the buffered erosion areas with hand-digitized erosion areas. We found 
that if the 2 m registration error were constant across an entire erosion site, then it could result in 
4.3-12.3% error in erosion area mapping. We found the smallest error of 4.3% for the largest 
erosion polygon, and largest error of 12.3% for the smallest erosion polygon. In this particular 
case, the registration error only affected the outline of the erosion area, so an erosion polygon 
with a lower area to perimeter ratio will tend to have higher error. Since the spatial offset 
between the images varied across the images and was usually less than 2 m, the actual error in 
calculation of the hand-digitized erosion area was much less than 12.3%. In the case of approach
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(2), there are two kinds of error affecting the erosion area estimates: (a) registration error, and (b) 
land cover classification error. The land cover classification accuracies were 94.4%, 95.6%, and 
96.7% for the 1979, 1982, and 2015 images, respectively (Table 2.2). In the last column of Table 
3, we reported the difference between the erosion areas estimated using approach (1) and 
approach (2) as an error percentage (hand-digitized vs. automated), assuming that the hand- 
digitization of bluff lines is as accurate as possible. The error in mapping and estimation of 
erosion area by approach (2) varied from 0.44% to 12.8% (Table 2.3). Since we used three 
simple land cover classes (water, bare land, and tundra) to map erosion in the second method, the 
majority of the misclassified pixels lay along the boundaries between two classes. Therefore, 
erosion areas with lower area to perimeter ratios tended to have bigger differences with respect 
to hand-digitized erosion mapping. For example, in Site 2, which was a near vertical and straight 
bluff, the erosion area had an area to perimeter ratio of 27 and it also showed the highest error 
estimate of 9.2% (hand-digitized vs. automated); whereas, Site 1, with an area to perimeter ratio of 
43, showed the lowest error estimate of 0.64% (Table 2.3).
2.5.4. Climate Data Results
Figures 2.8 and 2.9 show time series plots of average yearly air temperature, average yearly 
ground temperature (at 120 cm depth), and average yearly snow depths at USGS weather stations 
at Fish Creek and Umiat. Air temperature data from the Nuiqsut airport was averaged on a yearly 
basis and plotted in Figure 2.10. We also examined snow depth data around the river, based on 
the assumption that higher snow depths, along with warming air temperatures, result in more 
meltwater during the spring breakup, which has been demonstrated to contribute to greater river 
erosion [28]. Regression analyses of air and ground temperature, and snow depth data show a 
statistically significant positive trend in agreement with climate warming and increased snow 
cover observed in the environment of other Arctic rivers (e.g., Lena River) experiencing 
increased erosion [1].
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Figure 2.8. USGS climate data averaged annually for Fish Creek, with trend lines overlaid.
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Figure 2.9. USGS climate data averaged annually for Umiat, with trend lines overlaid.
Figure 2.10. Airport air temperature data averaged annually for Nuiqsut, with a trend line
overlaid.
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As shown in the climate graphs, all sites demonstrated trends of warming temperatures and 
increasing snow depth. A regression calculation was run for each of the plots at a 95% 
confidence level. This calculation returned positive results for each of the plots, indicating 
statistically significant positive trends at each site. Even in our short window of climate data, we 
see significant warming trends, in the magnitude of multiple degrees. This is on par with 
Wendler’s study on temperature increases in Alaska, which reported an average warming of 2.7 °C 
across Arctic Alaska from 1979 to 2013, which is a far greater increase than has been observed for 
any other region or time period in Alaska or for any other climate zones. [6]. This warming has 
also caused a lengthening of the Arctic melt season at a rate of 4 to 5 days per decade since 1979 
[29].
2.6. Discussion
The Colville’s high-latitude location lends it unique characteristics. Unlike in most non- 
Arctic regions, river morphology in the Arctic greatly centers on a few short months of the year 
when the river is not frozen. The few weeks of breakup and flooding, usually between late May 
and mid-June, are crucial for river erosion, with nearly 50% of annual discharge into the river 
occurs during the first three to four weeks of breakup [30]. As a result of this heavy discharge, it 
is estimated that nearly 75% of annual sediment load is transported during these few weeks of 
breakup and flooding [12]. Much of this sediment load results from thermal erosion; the process 
of thawing frozen sediments by turbulent water flow and eroding away what is left by 
mechanical erosion [31]. Flooding after breakup, caused by the melting of snow in the Colville 
drainage basin, is one of the largest drivers of erosion for the Colville. The most important 
impacts of climatic changes in terms of Colville River erosion are thus (a) an increase in 
snowfall during the winter months, and (b) faster snowmelt during breakup, causing more 
intense flooding.
According to our estimates of riverbank erosion rates at four sites along the Colville, it is 
evident that erosion has increased at some sites along the Colville since the 1980s, though the 
rate of increase in erosion varies spatially, and higher bluff sites tend to have more erosion and 
land loss (Site 3 and Site 4 in this study). This is due to the fact that the type, timing, and severity 
of riverbank erosion varies with bank composition and height, snow and ice cover, stage and 
velocity of discharge, air and water temperature, and wind [8,12]. Most of the banks along the
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Colville, upstream of Nuiqsut, range in height from a few meters to 33 m in some large dune 
areas (e.g., near Site 4), with a general tendency for height to increase upstream. Walker et al. 
[12] reported a short-term erosion rate of 1.6 m/year (1982-1985) for an erosional bank on 
Colville made up of Gubik Formation (a Quaternary deposit of unconsolidated sediments). Our 
estimates of erosion at the Gubik Formation site (Site 1) suggest a long-term erosion rate of 1.6 
m/year for both periods (1955-1982) and (1982-2015), which means that this site has been 
eroding consistently at 1.6 m/year rate since 1955.
Much higher rates of riverbank erosion have been reported from other Arctic rivers. Costard 
et al. [8] reported exceptionally high erosion rates of up to 40 m/year along the Lena River banks 
in specific areas (e.g., concave river banks and heads of islands). Based on a laboratory 
simulation experiment, they concluded that the exceptional erosion rates were due to a 
combination of high water temperature and mechanical erosion, in association with the particular 
geometry of the channel. Are [32] reported average bank retreats of 19-24 m/year on the Lena 
River during 1953-1961. However, in the Olenek channel of the Lena River delta, the bank 
retreated at an average rate of 1.7 m/year, which is comparable to the erosion rates we found 
along the Colville.
Kanevskiy et al. [9] investigated the riverbank retreat at three active yedoma bluff sites 
along the Itkillik River, a tributary of the Colville River. They reported the highest long-term 
rates of riverbank erosion ever observed in permafrost regions of North America. For one of their 
study sites, they reported an average retreat rate for a 680-m-long bluff as 11 m/year (1995­
2010). They also found that lower bluffs (height of <4.5 m) tended to have much lower retreat 
rates. Contrary to this finding, we observed the lowest erosion rate at the tallest bluff site (Site 4: 
average height of 33 m with an erosion rate of 0.9 m/year during 1955-2015), and the highest 
erosion rate of 2 m/year (1955-2015) at Site 3, which had an average elevation of 7.5 m.
Stettner et al. [10] estimated cliff top erosion of a permafrost riverbank in the central Lena 
River Delta. They reported a short-term (2013-2015) mean annual net erosion of 4.1-6.9 m/year, 
which is close to the reported rates of riverbank cliff-top erosion at the Yana and Indigirka river 
delta sites [11]. They concluded that the mean annual net erosion at their study site significantly 
differed from one year to another, and analysis of the role of climate variables on erosion 
suggested a contingent sensitivity of erosion to temperature and precipitation. Air temperature 
has a strong influence on erosion, but when temperatures are at or below average precipitation
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appears to be an important factor. In situations where the cliff top is decoupled from the thermo- 
erosional processes, its erosion likely results from climate forcing, and depends on bank 
composition and ground ice content.
Along most parts of the Colville River bank (particularly banks with lower height), development 
of thermoerosional niches, followed by block collapse, is the dominant process of bank retreat; 
whereas, along the higher banks, such as Site 4, where the upper part of the bluff is decoupled from 
the thermo-erosional processes, thermal denudation is the dominant process of bank retreat. Our 
estimates of riverbank erosion at four sites on the Colville are very similar to the rates reported 
by Walker et al. [12], and contrast greatly with the erosion rates reported for Siberian rivers 
[8,10,32], and the Itkilik River [9]. The block collapse that often follows the development of 
thermoerosional niches accounts for an almost instantaneous retreat that can be as much as 12 m 
[12]; however, long-term rates, even in susceptible cut banks, rarely exceed 3 m.
The majority of erosion studies analyze erosion in terms of short-term or long-term rates and 
do not include changes in erosion area or land loss volume [8,10-12]. For example, Shur et al. 
[11] studied river shoreline erosion at 14 sites along the Yana and Indigirka Rivers in North 
Yakutia and analyzed only average erosion rates. Walker et al. [12] studied riverbank erosion at 
six sites in the Colville River Delta; however, they reported total land volume loss at only one 
site. Kanevskiy et al. [9] estimated land volume loss at three bluff sites along the Itkilik River for 
the short period of 2007-2011 but did not show how the land loss compared with land loss for an 
earlier period. Stettner et al. [10] estimated only the erosion rate to study riverbank erosion in the 
central Lena Delta.
The average erosion rate (i.e., erosion distance divided by timespan in year) does not 
necessarily provide a complete picture of the amount and severity of bank erosion. Hence, to get 
a better understanding of the riverbank erosion process on the Colville, we not only estimated 
long-term erosion rates, but also changes in erosion area and volume of land loss. At Site 1 
(Gubik Formation), the average erosion rate turned out to be 1.6 m/year for both the 1955-1982 
and 1982-2015 periods; however, the estimated erosion area increased from 25,085 m2 during 
1955-1982 to 31,959 m2 during 1982-2015. Therefore, in terms of the average erosion rate, the 
rate of erosion appeared to be consistent at this site, but in reality, erosion had a disproportionally 
greater effect during the 1982-2015 period. Similarly, at Site 3, the difference in the erosion rate for 
the period 1955-1979 and 1979-2015 was 1.8 and 2.2 m/year, respectively, but the difference in
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the erosion area almost doubled from 51,714 m2 to 97,843 m2. At Site 4, the difference in the 
erosion rate for the period 1955-1979 and 1979-2015 was 0.7 and 1.0 m/year, respectively, but 
the difference in the erosion area more than doubled from 23,884 m2 to 50,352 m2. When we 
compared the average erosion rate at Site 1 (1.6 m/year) to Site 4 (1.0 m/year), we saw that Site 1 
had a much higher erosion rate. However, Site 4 had the tallest banks (average bank height of 33 
m) and the volume of land loss was 1,689,813 m3 for the period 1979-2015, which was 10 times 
more land volume loss than at Site 1 (average bank height of 5 m) for the same period.
Erosion and deposition also alter the connectivity of secondary channels and lakes to the 
main channel of the Colville, which impacts fish habitat [33], as well as accessibility of 
traditional subsistence and historical sites to the residents of Nuiqsut. When the river erodes 
faster than the channel can carry sediment to the sea, the sediment deposits in the river system 
itself and can close up smaller channels or create hazardous shallow sites in the main channel. 
Popular lakes can become inaccessible or drain due to bank erosion [34]. During our fieldwork, 
we noted an example of this at Site 3, where a large lake had drained in the early summer of 
2017, as described by local residents who had previously used the lake as a fishing site (Figure 
2.11). These changes impact the subsistence lifestyle of Nuiqsut residents, who rely heavily on
Figure 2.11. Lake near Site 3 that has drained due to bank erosion.
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traditional knowledge passed down from generation to generation. Elders possess a wealth of 
knowledge about the Colville, but in recent times the river has become so dynamic that it is hard 
to keep up with the changes, posing a real threat to subsistence practices. Updated knowledge of 
the characteristics and rate of change to the Colville would be valuable information for making 
management decisions about river access for the community.
The accuracy of measuring erosion by hand-digitization versus automated change detection 
methods is significant for large-scale Arctic river monitoring. In the case of measuring erosion 
by hand-digitization, the major source of error is registration error, and in the case of the 
automated change detection method, the major sources of error are registration error and 
classification error. In both cases, these errors tend to have the greatest effect along the outline of 
an erosion area or along the boundary between the land cover classes. Therefore, erosion areas 
with lower area to perimeter ratios tend to have higher error. By minimizing registration error 
and improving land cover classification accuracy, the overall error in erosion area mapping can 
be minimized.
We determined that, for the study of a small number of sites such as those in our study, 
hand-digitized measurements were the most accurate method for estimating erosional rates and 
areas. However, if the goal of a study is to monitor yearly river erosion on a large scale, our 
results indicate that automated change detection methods can produce reasonable estimates. This 
serves to validate a straightforward and rapid process for monitoring river erosion that can be 
performed by someone with even limited GIS and image processing skills.
Our use of DEM trajectories to estimate paleo cliff elevations may be unique to the Arctic. 
We are confident in our estimates due to the geomorphology of our study area, a relatively flat 
region with little change in topography.
2.7. Conclusions
Analysis of high-resolution data indicates that bank erosion on the Colville River seems to 
have increased during the past 36 years, from 1979/1982 to 2015, when compared to erosion 
from 1955 to 2015. Of four erosion sites analyzed, two showed significant increases in yearly 
erosional rates from 1.8 m/year to 2.2 m/year and from 0.7 m/year to 1.0 m/year. One site 
showed similar erosion rates of 1.6 m/year between the two time periods, and a fourth site 
showed a decrease in erosion rates from 1.2 m/year to 0.8 m/year. However, the average erosion
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rate (i.e., erosion distance divided by timespan) did not necessarily provide a complete and 
accurate picture of the extent and severity of bank erosion. Hence, to get an accurate 
understanding of the riverbank erosion process of the Colville, we not only estimated the long­
term erosion rates, but also changes in erosion area and the volume of land loss. At Site 3, the 
average erosion rate for the period 1955-1979 and 1979-2015 was 1.8 and. 2.2 m/year, 
respectively, but the difference in the erosion area was almost double, from 51,714 m2 to 97,843 
m2. At Site 4, the average erosion rate for the period 1955-1979 and 1979-2015 was 0.7 and 1.0 
m/year, respectively, but the difference in the erosion area was more than double, from 23,884 
m2 to 50,352 m2. When we compared the average erosion rate at Site 1 (1.6 m/year) to Site 4 (1.0 
m/year), we saw that Site 1 had a much higher erosion rate. However, Site 4 had the tallest banks 
(average bank height of 33 m) and the volume of land loss was 1,689,813 m3 for the period 1979­
2015, which was ten times more than the volume of land loss at Site 1 (average bank height of 5 
m) for the same period.
The novelty of this research is in extending the estimates from two-dimensional surface 
erosion rates (as reported by most studies) to three-dimensional volumes (i.e., the amount of 
material eroded). Whereas there is a wealth of literature available on the former, there is very 
little published on the latter. As per our knowledge, this is the first paper that demonstrates that 
for an Arctic river, studies on riverbank erosion that use only erosion rate can be inaccurate and 
grossly conservative. This study validates the significance of mapping erosion areas and 
estimating land loss volumes to gain an accurate understanding of the amount and severity of 
riverbank erosion, as in certain areas the volume of land loss can be disproportionately higher 
than what average erosion rates may suggest. Hence, this study presents not only an improved 
understanding of the extent and severity of riverbank erosion along parts of the Colville than any 
previous study, but also valuation of land loss from typical eroding banks using publicly available 
DEM.
Based on the erosion study results and climate data, it can be safely inferred that climate 
warming plays a role in erosion on the Colville. These findings are consistent with a study on 
increased erosion due to climate change on the Lena River in Central Siberia, an Arctic fluvial 
system similar to the Colville [1]. Air and ground temperature warming trends on the North 
Slope are likely the catalyst for increased erosion rates through the thawing of permafrost along 
river bluffs causing massive block failure. Warmer temperatures also mean longer ice-free
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seasons, which results in a longer period in which the river can erode. Trends of higher snow 
depths contribute to more meltwater during the spring breakup, which is the main period of 
erosion for Arctic rivers. If these climate trends continue, it can be inferred that erosion along the 
Colville will continue to increase, resulting in more problems for the residents of Nuiqsut, who 
rely on the river to travel to subsistence and historical family sites. Additionally, important 
village infrastructure, such as a water tank and power plant, is located within 90 m from an 
eroding bluff (near Site 1). If the rate of erosion intensifies, this will have major economic 
implications for the village of Nuiqsut.
This study suggests that high-resolution imagery can be effectively used to monitor bluff 
line erosion along Arctic rivers. This type of monitoring can enhance our understanding of 
hydro-geomorphological processes along Arctic rivers and provide information for estimates of 
future change. We have also demonstrated that estimating erosion via automated change 
detection based on simple classification methods can be as effective as digitizing by hand. This is 
important for monitoring large study areas or making multiple change observations in areas 
where hand-digitization is not feasible. We have also successfully used a current DEM to 
calculate the cubic volume of past erosion, and demonstrated the efficacy of this simple method 
for paleo topography estimates for relatively flat Arctic regions. This method can be used in 
certain situations when land topography changes are minimal and no other source of data is 
available to gauge the height of eroded features.
Though this study returned solid results, it was hampered by several limitations, primarily 
the lack of high-resolution cloud-free imagery for the 2000-2013 time period. Such imagery 
would have been ideal in order to examine more recent erosion trends, as local knowledge from 
Nuiqsut suggests that erosion increases have not been linear since 1979, but almost exponential, 
with the greatest erosion happening in the past 10 to 15 years. We speculate that climate 
warming is also warming water temperatures, which can expedite the processes of thermal 
erosion along riverbanks. Future erosion studies could potentially incorporate more variables, 
such as water temperature.
This study delivered significant results, crucial to the community of Nuiqsut, while 
simultaneously adding novel techniques to the remote sensing of river erosion literature. We 
expect that the regular availability of high-resolution summer imagery in the future will enable 
continued monitoring of river erosion using the techniques presented in this paper.
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Chapter 3
2Remote Monitoring of Shallow Water Sites to Inform Boat Navigation on the Colville
River, Alaska: A Feasibility Study
Abstract
The Colville is the longest river (~600 km) in Arctic Alaska. Nuiqsut, an established 
Alaska Native community of ~400 people relies heavily on the Colville for subsistence needs, 
however, changing river dynamics caused by accelerated bank erosion, river siltation, low water, 
and shifting and drying channels are making boat travel increasingly difficult and dangerous. 
Recently, local residents reported unexpected shallow water sections on the Colville limiting 
their access to subsistence food sources, and expressed the need for maps that aid river 
navigation. These concerns shaped the goals of this study: 1) use optical satellite images for 
mapping river bathymetry and generate GIS map products that show potential shallow water 
sections (<2m) and 2) assess the feasibility of future monitoring based off our methods that rely 
on extracting water depth values from publicly available optical remote sensing images.
We used summer 2017 scenes from three optical sensors (PlanetScope 3m, Sentinel 2 
10m, and Landsat 30m) along with field measurements to map shallow water bathymetry along a 
45 km stretch of the Colville. We found a strong correlation (R2=0.89) between field-measured 
water depths and image-derived reflectance quantity (natural log ratio of green over red bands). 
We analyzed suitable bathymetry conditions and expect several days (-16) during the ice-free 
season to facilitate reliable bathymetry mapping. We also discuss a relative depth mapping 
technique which is useful for boat navigation in the absence of ground truth measurements. We 
deliberately employed simple and robust empirical techniques that could serve as a basis for a 
fully developed river monitoring project in the near future led by local community residents. An 
implementation of our methods by the community, in order to develop a river depth monitoring
2 Article submitted as Payne C, Panda S, Prakash A, Brinkman T. Remote Monitoring of Shallow Water Sites to Inform Boat 
Navigation on the Colville River, Alaska: A Feasibility Study. Environmental Research Letters.
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program, would be an important step forward for the advancement of the community-based 
science and the co-production of knowledge.
3.1 Introduction
Traditionally, studies of river bathymetry contribute to the understanding of sediment 
transportation (Dankers 2002), catchment-scale hydrology (Bryant and Gilvear 1999), and flood 
modeling (Horritt et al. 2002, Lotsari et al. 2010). Our study uses river bathymetry to address an 
emerging issue of boat navigation in Arctic Alaska, a region with virtually no roads, where 
residents use the rivers to travel for their subsistence hunting needs as well as to reach traditional 
camp sites (Braund et al. 2017). Recently residents of Nuiqsut have expressed concern that 
climate-related changes have created shallow water conditions and unpredictable changes to the 
Colville River channels, challenging boat access to subsistence areas (Moerlein and Carothers 
2012, Brubaker et al. 2014, Brinkman et al. 2016, ANTHC 2016). Shallow water spots on the 
river create hazardous conditions for traditional propeller boat travel and limit access to channels 
that have been used in the past. These conditions can be costly (e.g. boat repairs), present safety 
issues, and restrict harvest opportunities (White et al. 2007). With a goal to address these 
concerns, we engaged with the local residents, designed a remote sensing based scientific study, 
and delivered results in a format that optimizes utility for the community following the best 
practices for co-production of knowledge and making science locally relevant (Armitage et al. 
2011, Meadow et al. 2015).
Remote sensing based bathymetry mapping can be classified into two broad categories: a) 
non-imaging (Charlton et al. 2003, Hilldale and Raff 2008, Legleiter 2012, Kinzel et al. 2013) 
(e.g. using high cost LiDAR data), and b) imaging methods (e.g. using low cost optical satellite 
imagery) (Gao 2009, Legleiter et al. 2009, Legleiter 2013) that can further include analytical and 
empirical approaches. The empirical approaches, originally developed for ocean bathymetry 
(Polcyn et al. 1970, Lyzenga 1978, 1981, Clark et al. 1987) and now adapted for stream and river 
use (Winterbottom and Gilvear 1997, Bryant and Gilvear 1999, Marcus et al. 2003, Legleiter et 
al. 2004, 2009, Flener et al. 2012), involve fewer parameters and are relatively simple to use 
(Gao 2009, Legleiter 2013). However, the use of passive remote sensing for mapping water 
depth in fluvial environments remains a challenge (Flener et al. 2012, Panda and Whitley 2017, 
Legleiter et al. 2018). All previous research but one that used imaging methods for bathymetry
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focused on small non-Arctic rivers or streams (e.g. Winterbottom and Gilvear 1997, Legleiter et 
al. 2004, 2009). The only study on an Arctic river (Flener et al. 2012) evaluated and compared 
the usability of an empirical model against two theoretical hydraulically assisted models for 
calculating bathymetry along a very small (2.7 km) stretch of the Tana River in Finland.
This study is unique as it uses imaging method and empirical approaches to map 
bathymetry on a large Arctic river (often 600 m wide) for a novel application of river navigation. 
It also assesses the feasibility of continued monitoring of shallow water conditions on the 
Colville using simple and robust methods that can be repeated by community members (e.g. a 
staff member of the Native Village Office or North Slope Science Initiative). The specific 
objectives of the study are 1) to use optical satellite images for mapping river bathymetry to 
produce GIS map products showing potential shallow water sections (<2m) and poor channel 
connections to aid river navigation, and 2) to assess the feasibility of future monitoring based off 
our methods and publicly available imagery. We also identified the criteria essential to map 
bathymetry from optical remote sensing images and discussed the likelihood of meeting those 
criteria in the future for the purpose of continued monitoring which helps determine the overall 
feasibility of the study.
3.2 Study Area
The Colville is the longest river in the Alaskan North Slope with a course of 600 km. It is 
also the largest river basin (53,000 km2) north of the Brooks Range in Arctic Alaska. The river 
drains the north side of the Brooks Range and winds its way into a 550 km2 delta 250 km east of 
the community of Utqiagvik (formerly Barrow) before emptying into the Beaufort Sea (Arnborg 
et al. 1966) (Figure 3.1). For this study we chose a 45 km stretch of the Colville (upstream from 
the village of Nuiqsut past Ocean Point) heavily used by Nuiqsut residents between early June 
and September.
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Figure 3.1. Study area map. The red box in the inset figure shows the location of the study area. 
In the main figure red dots show the location of field sampling sites on the Colville.
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3.3 Data
We used optical images from three different satellites (PlanetScope, Sentinel 2, and 
Landsat 8) for the period June 15 -  September 30, 2017, the main ice-free season for the Colville 
as well as the most heavily trafficked period for boat travel by Nuiqsut residents. We also used in 
situ measurements of water depth and turbidity, and climate data from local weather stations 
(Table 3.1; more details in Appendix).
Table 3.1. Data used for our study
Data Type Details Time Period Data Sources
PlanetScope 4 
band optical 
imagery
3m spatial resolution 
Blue 455 -  515 nm 
Green 500 -  590 nm 
Red 590 -  670 nm 
NIR 780 -  860 nm
Summer 2017 Planet Labs
Sentinel 2 
imagery
10 m spatial resolution 
Blue 447 -  545 nm 
Green 537 -  583 nm 
Red 645 -  683 nm 
NIR 762 -  907 nm
Summer 2017 European Space Agency
Landsat 8 imagery
30 m spatial resolution 
Blue 452 -  512 nm 
Green 533 -  590 nm 
Red 636 -  673 nm 
NIR 851 -  879 nm
Summer 2016 & 
2017
United States Geological 
Survey
Nuiqsut Climate 
Data Cloud cover, Rainfall 2010 - 2017 Weather Underground
Field Data Water depth, Turbidity July 31- Aug. 1 2017 Collected by authors
Traditional
Ecological
Knowledge
Firsthand knowledge from 
semi-structured 
conversations
2017 Collected by authors
3.4 Methods
Using the summer 2017 remote sensing and field data, we first carried out a proof of 
concept study to establish bathymetric mapping methods and to assess if the bathymetry map 
products were practical and useful in field settings. We then identified and analyzed the factors
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that govern reliable bathymetry monitoring: expected future image availability, cloud cover, 
water turbidity levels, use of different optical sensors, and limited ground truth data.
3.4.1 Community Involvement
From the beginning this study was designed with the community need and involvement 
in mind (IRB# 391916). Our goal was to follow a coproduction of knowledge approach 
(Armitage et al. 2011, Meadow et al. 2015) that used community-based participatory research 
(Johnson et al. 2015) to engage the Nuiqsut residents in research that addressed both community 
priorities and scientific questions related to the impacts of rapid environmental change 
(Gearheard et al. 2010, Payne et al. 2018). We consulted with local Tribal organizations on 
guidelines and ethical principles to co-produce knowledge within the community. The Colville is 
the main subsistence travel corridor for Nuiqsut residents and provides the community with 
resources that are nutritionally and culturally important (Brubaker et al. 2014). The community 
identified the need to research river channel change and challenges to boat navigability, 
especially shallow areas in the main channel of the river and frequent unpredictable changes in 
the navigable part of the river.
Locals were hired to transport researchers and to share traditional knowledge on the 
importance of the river and how recent changes are impacting traditional harvest practices. 
Interactions with the community also defined our field sampling area, a stretch of the river used 
by the majority of local residents for subsistence, and key trouble spots for navigation. The local 
assistance facilitated safe travel and provided important contextual information that would help 
with data interpretation. Off the boat, our local collaborators provided us with valuable 
connections in the community that facilitated semi-structured conversations with more residents, 
and advanced our understanding of how the issue of shallowing water has been affecting people 
from multiple perspectives.
Adhering to our co-production approach, we sought to create a product useful to the 
community but also replicable by the community. The community has expressed interest to 
continue this work, which may lead to development of a Rapid Assessment Tool (RAT) that 
would enable the community to assess the state of the river channel between Umiat and the 
Arctic Ocean in near real time (<1 week). A visual tool like this would be beneficial for the
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community of Nuiqsut and applicable to rural communities in other areas reliant on safe and 
dependable river travel (Herman-Mercer et al. 2011, Wilson et al. 2015, Johnson et al. 2016).
3.4.2 Turbidity Assessment
Turbidity is an optical property of the water body -  a measure of the amount of light 
scattered and absorbed by particles in the water column (Michaud 1991). Higher turbidity levels 
mean more sediment in the water that in turn creates high levels of light attenuation throughout 
the water column (Davies-Colley and Smith 2001). This reduces visual range in water and makes 
it tough to map river bathymetry which relies on reflectance from the river bottom (Legleiter et 
al. 2009). A clear water column with low turbidity values interferes minimally with the river 
bottom reflectance that makes bathymetry mapping possible. Therefore, determining a turbidity 
level threshold for reliable mapping of bathymetry from optical images is an important part of 
assessing the feasibility of future bathymetry mapping on the Colville.
We measured NTU values on the river for two dates, July 31st 2017 and August 5 th 2016 
(Whitley et al. 2016, Panda and Whitley 2017) and had cloud free scenes close to the dates of 
these field measurements. For both dates the NTU values were minimal and within a small range 
(July 31st, 2017: 15.4 ± 11.3 NTU; August 5th, 2016: 14.5 ± 4.3 NTU). See Figure A1 
(Appendix).
3.4.3 Normalized Difference Water Index
The Normalized Difference Water Index (NDWI) is a good indicator of presence of open 
water (McFeeters 1996):
ND WI = (Green - NIR) /  (Green + NIR) (1)
Water features have high reflectance in the green bands and very low reflectance in the 
NIR bands. Terrestrial vegetation and dry soils, on the other hand, reflect highly in NIR. In an 
NDWI layer, water features have positive values while soil and terrestrial vegetation features 
have zero or negative values (McFeeters 1996). NDWI is also shown to have a close correlation 
to water turbidity levels (McFeeters 1996, and Xu 2006). In order to assess the water turbidity 
levels from the images we compared the known NTU values from the two fieldwork dates with
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the Normalized Difference Water Index (NDWI) generated from the images near the dates of 
field turbidity measurements.
We used a calculated NDWI raster to identify river water pixels and to create a river 
water mask (Figure 3.2) that was used to extract river water pixels for NDWI-turbidity 
comparisons as well as bathymetric calculations. We analyzed average river water NDWI values 
(over the whole study area) from 9 cloud-free scenes including the two with ground truth NTU 
values to identify the average NDWI threshold that can be used to select images that have clear 
enough water to map reliable bathymetry (Figure A2).
151W W  150°56'0"W
Figure 3.2. NDWI pixels from July 14th 2017 image extracted using the water pixel 
mask (outlined in blue) and overlaid on July 14th 2017 RGB PlanetScope image.
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3.4.4 Bathymetry Mapping
For bathymetry mapping we chose to use an empirical approach (Legleiter et al. 2004, 
2009) that fosters replication by a community member. Empirical remote sensing bathymetry 
methods rely on the concept of relating river reflectance over a water pixel to water depth. Over 
deeper water more reflected signal from the bottom gets attenuated by the water column above 
and therefore would give smaller reflectance values than over shallow water. We used a ratio 
based empirical method (Equation 2) that works best for relatively shallow water (< 2 m) to map 
river bathymetry (Lubin et al. 2001, Stumpf et al. 2003, Legleiter et al. 2009, Legleiter 2013, 
Whitley et al. 2016).
x = ln(Band 1/ Band 2) (2)
This method uses the natural log ratio of two bands that can be regressed against known 
depth points. The advantage of the ratio method is its ability to be less affected by factors such as 
spatially variable water surface conditions, turbidity, and most importantly bottom substrate type, 
which can be a large problem for remote sensing based bathymetry (Legleiter et al. 2004). 
Legleiter et al. (2009) expanded upon the ratio based method by introducing Optimal Band Ratio 
Analysis (OBRA). This technique examines each possible band combination in the above 
formula to see which output correlates best to the known data points in terms of the highest R2 
value on a regression plot. For this study we chose to use OBRA (Figure A3).
There is a PlanetScope scene for the day we were in the field but around 90% of the 
scene is cloud covered. The small portion of the scene that is cloud-free overlapped with two 
measurements we took on the river, which helped us correct for changes in water depth between 
the closest cloud-free scene (July 14th) and field measurement date (July 31st). For two measured 
points we recorded water depths of 80 cm on July 31st while the July 14th scene showed exposed 
sandbar at the same spots (as per NDWI values and visual interpretation; Figure A4). These 
points on the sandbar were right at the edge of the July 14th waterline, therefore it can be 
reasonably inferred that the water level for the July14th scene was around 80 cm lower than the 
measured depths we took on July 31st (Figure A5) To account for this we subtracted 80 cm from 
all of the measured depths to move forward with processing of July 14th scene for bathymetry 
mapping.
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After the depth correction we performed the Optimal Band Ratio Analysis (Legleiter et 
al. 2009). We extracted the pixel value for each band from each point of measured depth. We 
then calculated the x value from equation 2 for each possible band combination and plotted those 
values against depth in order to determine the highest R2 value. After determining the best band 
combination (using R2 value as a criteria) we used the regression formula to calculate bathymetry 
on the whole scene, this resulted in a bathymetry raster with values representing water depth in 
cm.
3.5 Results
3.5.1 Turbidity Assessment
The field measured average turbidity on August 5th 2016 was 15.4 ± 11.3 NTU (n=19) 
while on July 31st 2017 the river had an average turbidity of 14.5 ± 4.3 NTU (n=23). The 
Landsat scene from Aug 5th 2016 shows average river water NDWI values of 0.12, while the 
PlanetScope scene from July 14th 2017 has average river water NDWI of 0.13. Seven other 
cloud-free scenes from 2017 were examined for average river water NDWI values (Figure A2). 
From a comparison of NDWI values, visual interpretation, and preliminary bathymetry mapping 
tests we found that PlanetScope and Landsat exhibit clear water conditions suitable for 
bathymetry mapping when average water-pixel NDWI values > 0.1. Confidence levels for 
bathymetry mapping drop significantly if scene-average NDWI values were less than 0.1.
3.5.2 Bathymetry Mapping
Using the July 14th 2017 PlanetScope scene and 28 field measurements of water depth we 
performed an Optimal Band Ratio Analysis and determined that the Green and Red bands 
performed best in the band ratio formula. We then ran 5 iterations of measured water depths 
regressed against the ln(green / red) to ensure high confidence for the regression statistics. Each 
iteration used a different set of 21 random points for regression, saving the remaining 7 for 
accuracy assessment (Figure A6). See Table A1 for the R2 values, standard errors, and Root 
Mean Square Error (RMSE) value associated with the five regression analyses.
The RMSE values are in cm and calculated from the 7 points set aside for accuracy 
assessment. To calculate RMSE we used the regression formula from each iteration to calculate
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bathymetry for the whole study area, and then extracted the calculated water depth values for the 
7 known depth points for RMSE calculation. Between our 5 iterations we see an average RMSE 
of 21.8 ± 4.7cm (Table A1).
The bathymetry equation from Iteration 2 (Figure 3.3) was used for final bathymetry 
mapping as it had the highest R2 value (0.89) along with the lowest standard error (22.4 cm) of 
the five regressions.
y  = 1243.2x -  46.298 (4)
y: Depth in cm 
x: ln(Green / Red)
We applied a green, yellow, red color ramp to the resulting bathymetry raster. Green represents 
deep water pixels (near or above 2m) while red represents shallow water pixels (Figure A7).
0.1 0.15
ln{Green / Red)
Figure 3.3. Iteration 2 scatter plot [ln (green/red) vs water depth] and regression statistics.
3.6 Discussion
Availability of a large number of images for the study area is important when assessing 
the feasibility of continued river bathymetry monitoring on the Colville using seasonal cloud-free 
images. Historically, for the June 15th -  September 30th observation period, 25% of the days are
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cloud-free (Weather Underground n.d.). 2016 and 2017 were above average rainfall years for 
Nuiqsut (it received twice as much rainfall in 2016 and 2017 compared to the average rainfall 
during 2010-2015) and we had 23% cloud-free days. Refer to “Expected future image 
availability” in the Appendix. Of these days, in 2017 we found 16 unique days of clear water 
conditions suitable for mapping river bathymetry (Table 3.2). Based on these findings we can 
reasonably assume that future years will have similar or higher number of cloud free and clear 
water days for bathymetry monitoring using optical images.
Table 3.2. Summer 2017 image availability statistics
Scene Availability between Jun 15th 2017 and Sep 30th 2017
Total scenes; PlanetScope, Sentinel, Landsat 138
Total unique days imaged 88
Total number of cloud free scenes 37
Unique cloud free days imaged 25
Total number of cloud free and clear water scenes 23
Unique cloud free clear water days imaged 16
Heavy rain can increase surface runoff, especially in continuous permafrost zones, like 
our study area, where water is unable to permeate the frozen subsoil and is transferred across the 
surface into the river (Kuchment et al. 2000). This surface runoff carries along sediment from the 
loess bluffs bounding much of the river (Payne et al. 2018, Walker and Everett 1991). Because 
the sediment in this area is so fine grained and stays suspended in the water column longer it 
creates conditions of high turbidity for several days after a heavy rain event (Van Rijn 1993). On 
July 25th, 2017 there was a large rain event in the study area (Weather Underground n.d.) that 
increased water turbidity, and rendered multiple images of July 27th 2017 unsuitable for 
bathymetry mapping.
If future years have rainfall similar or less than what we saw in 2017, then we can expect 
similar or more days of clear water conditions suitable for collecting field validation data and 
bathymetry mapping. Multiple depth maps from a single season will also help to assess the 
validity-period for bathymetry products. The Colville water depth is relatively dynamic and can
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change quickly (Arnborg et al. 1962, 1966). Knowing how long a depth product can remain 
useful will help assess the number of in season dates that need to be mapped in order to 
characterize the full cycle of the river from spring breakup to the fall freeze up.
For a proof of concept we successfully mapped bathymetry using a July 14th PlanetScope 
image. The R2 values for water depth vs natural log of (Green/Red) ranged from 0.80 to 0.89, 
better than the R2 values from similar studies (e.g. Winterbottom and Gilvear 1997, Legleiter et 
al. 2004, 2009, Legleiter 2013). The average RMSE of 21.8 cm (from 5 iterations) is an 
acceptable amount of error for the purposes of using this product to aid in river navigation. These 
results show promise for achieving replicable depth maps with similar levels of accuracy in the 
future under similar conditions. The end product could easily be distributed and integrated into a 
smartphone or GPS device by the user (Figure A8). Like many maps, this product would be used 
in tandem with the local knowledge and judgment of the boat operator (Gearhead 2010). This 
product will aid navigation by identifying shallow water sites, sites of interrupted channel 
connections, and offering a latest status of the river channel.
An end product user can rely on the bathymetry product, color depth map, generated from 
the July 14th scene (Figure 3.4a) to safely navigate the shallow water spots in the main channel 
and poorly connected side channels. We then tried to generate a visually similar product without 
any ground truth points or regression. The natural log of the green over red band without the 
regression line coefficients (m and b derived from measured depths) exhibits a similar 
distribution of water pixels along the color scale (Figure 3.4b). Figure 3.4a was generated from 
the field depth points and the regression equation from Iteration 2 shown in Figure 3.3. Figure 
3.4b was generated using only the natural log of the green over the red band from July 14th image 
without any other inputs or ground truth data. These figures show that even without associated 
ground truth data, a useful product for boat navigation can still be generated. While having 
ground truth data is always preferred, the relative depth mapping method can make good use of 
all available imagery exhibiting suitable conditions for bathymetry mapping eliminating the need 
for ground truth water depth data.
We applied the relative depth mapping technique on PlanetScope, Sentinel, and Landsat 
(cloud free and clear water) scenes acquired on the same dates (June 29th and July 9th, 2017). 
Even though the spatial resolutions of the three sensors vary, similar patterns of water depth can
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be observed on all three images for both June 29th and July 9th (Figure 3.5). Since the relative 
depth maps from Sentinel and Landsat show nearly identical depth patterns as the PlanetScope 
map, which we have already shown to be an accurate representation, we can reasonably assume 
that the relative depth mapping technique works for these sensors as well. It can also be safely 
assumed that with ground truth data similar to the July 14th PlanetScope scene, reliable 
bathymetry with depth values could also be calculated from Sentinel and Landsat scenes. The 
inclusiveness of all three sensors for mapping bathymetry adds to the feasibility for continued 
monitoring while at the same time making a strong case for using our technique with any optical 
sensor with similar bands.
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Figure 3.4a. Absolute water depth generated from July 14th PlanetScope image.
151°4'0"W 151°0'0"W
Figure 3.4b. Relative water depth generated from July 14th PlanetScope image.
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Figure 3.5. Comparison of relative depth map products derived 
from PlanetScope, Sentinel, and Landsat scenes from June 29th
2017
The multisensor comparison helps to determine the appropriate spatial resolution/ pixel 
size for mapping river bathymetry. Many river bathymetry studies focus on small rivers where a 
Landsat pixel may be too large to isolate river water making high resolution imagery a necessity 
(Winterbottom and Gilvear 1997, Legleiter et al. 2004, 2009). Our study has the advantage of 
working on a very large river, often greater than 600 m wide on the main channel within the
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study area. This reduces the necessity of high resolution imagery (Legleiter et al. 2004) which 
gives the analyst freedom to determine optimal pixel size. An example of this can be observed in 
Figure 3.5. Because of its high spatial resolution the PlanetScope map appears grainier than 
Sentinel and Landsat. The Landsat map exhibits useful patterns but can be influenced along the 
water / land boundary by mixels, or pixels of mixed water and land (Shulong 1995), which isn’t 
as significant an issue for PlanetScope and Sentinel. The Sentinel imagery has a large enough 
pixel size to avoid heavy grainy appearance, while being small enough to detect shallow water 
spots that may be averaged out and missed by Landsat. With this in mind the analyst has freedom 
to choose from a variety of pixel sizes for mapping bathymetry, and may also choose to resample 
higher resolution imagery to a size still useful for navigation, while avoiding a grainy 
appearance.
This range in pixel size availability may also prove useful for future bathymetry mapping 
of the Colville beyond our study area. To the direct north and south of the study area, the 
Colville changes in average channel width and morphology. To the north the Colville enters its 
delta, which empties into the Beaufort Sea. South of the study area the morphology of the river 
changes from a predominantly single channel to a braided channel, characterized by even 
shallower water conditions along with multiple channels to choose from when navigating the 
river. An area like this would benefit heavily from a bathymetry product, especially in 
identifying channel connections in order to find direct routes down and upstream. In case of 
narrower braided channels the user may benefit from a higher resolution depth map as opposed 
to our single channel study area. We also conclude that if clear skies and relatively clear-water 
conditions are met, remote sensing based bathymetric mapping as outlined above is feasible.
Future field data collection would further test the robustness of this technique and help 
transition this study from feasibility to implementation, and eventually a fully proven and 
developed monitoring project led by the community. This study serves as the starting point to 
that process by: connecting with the community, addressing their concerns with science, and 
assessing the feasibility of continued monitoring by using freely available image data.
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3.7 Conclusion
This study assessed the feasibility of continued river depth monitoring with optical 
remote sensing to aid river navigation. The design and implementation of this study was done in 
tandem with guidance and input from the Alaska Native community of Nuiqsut. By outlining 
simple robust methods for mapping river bathymetry we have set a framework for continued 
depth monitoring.
Given similar cloud free and clear water conditions (which we have shown should 
happen plenty of times each summer) as well as identified tangible assessment thresholds, our 
technique will work in the future for mapping bathymetry relevant to navigation, with or without 
water depth data. This technique will work for at least three sensors and should be replicable for 
any optical sensor with spatial resolution ranging from 3 - 30m. More field data should help test 
the robustness of this method and give an idea on the average validity-period for a particular 
bathymetry map product. The river depth products will not only benefit the community but also 
build a database over time of river depths, which can provide valuable information for other 
studies as well as aid in planning and decision making for subsistence access issues. In 
conclusion, the idea of continued depth monitoring for the Colville using remote sensing is 
feasible using the methods presented here and could be achieved by a non-scientist with minimal 
remote sensing / GIS training. An implementation of our methods by the community, in order to 
create a river depth monitoring program, would be an important step forward for the 
advancement of community based science and the co-production of knowledge.
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Chapter 3 Appendix
Data
A.1 Remote Sensing Data
We analyzed images from PlanetScope (Planet Labs), Sentinel 2 (Copernicus Open 
Access Hub), and Landsat 8 (USGS Earth Explorer) for the period June 15 -  September 30, 
2017, the main ice-free season for the Colville as well as the most heavily trafficked time period 
for boat travel by Nuiqsut residents (Table 3.1). All three sensors acquire images in the blue (B), 
green (G), red (R) and near infrared (NIR) spectral ranges. PlanetScope was selected for its high 
spatial (3m) and temporal resolution (daily coverage). The two sensors (2a and 2b) on Sentinel 2 
together covered the study area ~ 3-5 times per week at a 10m spatial resolution. Landsat 8 
covered the study area about twice per week at a spatial resolution of 30m. The range of spatial 
resolution (3, 10, and 30m) from these sensors offer an excellent opportunity to examine the 
optimal spatial resolution for mapping bathymetry at a scale useful for navigating a large river 
like Colville. Using three sensors also offers additional opportunities to increase temporal 
coverage and to test the effectiveness of multisensor data for bathymetric mapping.
A.2 Field Data
We sampled water depth and turbidity (during 7/31/2017 -  8/3/2017) at several sites 
along the river within the study area from very shallow (few cm) to very deep (greater than 
20m). We maximized sampling at sites at or below 2m, which is the cutoff we established for 
defining shallow water conditions that challenge boat navigation (Allouis et al. 2010). We 
collected 28 measurements at or below 2m using a 3m avalanche probe with cm increments. For 
deeper sites we had a 20m weighted reel tape. We used a portable MicroTPW turbidimeter for 
turbidity measurements which gave results in Nephelometric Turbidity Units (NTU). Locations 
of all measurement sites were recorded with a DeLorme GPS unit (position accuracy: ±2m).
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A.3 Climate Data
Climate data, specifically cloud cover and rainfall, were examined as those are the two 
biggest factors that affect whether a scene can be processed for reliable bathymetry. The 
presence of cloud cover renders processing of optical sensors useless, and heavy rain events 
create large amounts of runoff which increases turbidity in the river making bathymetry mapping 
inaccurate.
A.4 Expected Future Image Availability
The analysis of future image availability plays a vital role in telling whether continued 
monitoring of river bathymetry for the Colville is feasible. We used multisensor, cloud-free 2017 
summer-time images for this high-latitude study site. We were interested in the number of 
cloudy days as well as amount of rainfall during the study period. These are the two biggest 
factors that affect the ability to use optical images to map bathymetry. A cloudy scene is of no 
use, and a cloud free scene is only useful if turbidity levels are low so that the sensor can record 
river bottom reflectance for bathymetry mapping. If 2017 was normal in terms of cloud cover 
and rainfall then we can reasonably expect a similar amount of cloud-free clear water scenes in 
the future years.
Our study period from June 15th 2017 -  September 30th 2017 covers 107 total days. Of 
those 107 days we have 138 total scenes covering 88 unique days. Of our 138 scenes, 42 were 
PlanetScope, 59 came from Sentinel 2, and 37 from Landsat. Of those 138 total images, 37 were 
cloud-free which covered 25 unique days. From the 37 cloud-free scenes, 23 exhibited clear 
water conditions suitable for mapping bathymetry. These 23 scenes covered 16 unique days 
throughout the summer (Table 3.2).
In order to characterize whether 2017 was an average year in terms of weather conditions 
we looked at historical climate data from Nuiqsut. Historical cloud cover data shows that within 
our study period, any given day has about a 25% chance of having mostly clear skies (less than 
50% cloud cover) (Weather Underground). This is similar to what we saw from 2017. Of our 107 
total study period days we have cloud-free imagery from 25 days or about 23%.
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Total rainfall within our study time period from Nuiqsut was examined for 8 years, from 
2010 to 2017 (Weather Underground). Climate, especially liquid precipitation on the North 
Slope has been changing which is why we averaged rainfall data from recent years (Figure A9). 
The average rainfall for the past 8 years was 8.3 ± 2.6 cm. 2017 was an above average rainfall 
year with a total of 13 cm of rain between June 15th and September 30th. 2016 also had high 
amounts of rainfall with 12.3 cm, but before that during 2010 -  2015 the average rainfall was 7.0 
± 1.7 cm.
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Figure A1. NTU reference guide: Image Source: https://thesummitregister.com/comparing- 
your-water-treatment-options-part2
Turbidity is measured in Nephelometric Turbidity Units or NTU. Figure A1 shows an 
example of a range of water turbidity values from 5 -  500 NTU for reference, where lower 
values mean clearer water and higher NTU values signify more turbid water.
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Figure A2. Comparison of 9 RGB images with calculated scene average water-pixel NDWI values.
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Figure A3. Bathymetry mapping workflow.
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Figure A4. Comparison of water extent on 7-14-2017 (left) and 7-31-2017 (right). Red dot 
shows location of water depth measurement on 7-31-17. NIR bands are in the background.
151°23'30"W 151°23'0"W _L 151°22'30"W J_
Figure A5. Water depth correction point highlighted in red, near water / land boundary 
of July 14th PlanetScope scene (NIR band in the background).
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Figure A6. Regression plots from 5 iterations of our depth measurements 
against ln (G/R) from July 14th PlanetScope scene.
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151°0’W 150°55'W
Figure A7. July 14th PlanetScope bathymetry map near Nuiqsut, overlaid 
on an RGB image.
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Figure A8. Example of our water depth product integrated on a 
smartphone.
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Year
Figure A9. Total rainfall for Nuiqsut during 2010 - 2017
Table A.1. Statistics from 5 regression analyses.
Iteration 1
y = 1236.4x - 49.49
R Square 0.85
Standard Error 25.1
Validation RMSE 19.6
Iteration 2
y = 1243.2x - 46.298
R Square 0.89
Standard Error 22.4
Validation RMSE 30.2
Iteration 3
y = 1087.1x - 35.595
R Square 0.86
Standard Error 24.2
Validation RMSE 20.5
Iteration 4
y = 1165.4x - 48.157
R Square 0.86
Standard Error 25.6
Validation RMSE 22.8
Iteration 5
y = 1124.5x - 36.591
R Square 0.82
Standard Error 27.3
Validation RMSE 16.1
SUMMARY
R Square Range 0.82 - 
0.89
Standard Error Range 22.4 - 
27.3
Avg. Validation RMSE 21.8
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Chapter 4
Conclusion
For the Native Alaskan village of Nuiqsut, the Colville River serves as a main 
transportation artery around the North Slope of Alaska. Boat travel on the river is common for 
residents to reach traditional subsistence hunting sites, a practice that is vital for the nutritional 
needs of Nuiqsut residents. Nonetheless, there have been many reports of accelerated changes in 
the river environment, particularly heavy erosion and shallow channels. Heavy erosion not only 
threatens infrastructure and historic sites but also causes river siltation, while a shallowing 
channel creates hazardous conditions for boat travel. A clear need for remote monitoring of the 
Colville has been identified and researched in this thesis. The design and implementation of this 
study was done in tandem with the Native Alaskan community of Nuiqsut. For an area as remote 
and inaccessible as the Colville, remote sensing techniques for river monitoring are the most 
practical approach. By outlining simple robust methods for mapping and monitoring river 
erosion and shallow water bathymetry we have set a framework for continued river monitoring 
led by the community.
It is evident that climate change, particularly climate warming of the Arctic is affecting 
the Colville uniquely compared to other similar sized non-Arctic rivers (Arnborg et al. 1966, 
Walker et al. 2003, Payne et al. 2018). Although we discuss erosion and shallow water 
bathymetry separately in this thesis, we speculate that increased erosion due to climate warming 
is directly tied to shallowing of channels and unpredictable changes to the Colville, as reported 
by Nuiqsut residents.
Analysis of high-resolution satellite data indicates that bank erosion on the Colville River 
seems to have increased during the past 36 years (1979/1982 - 2015) compared to erosion during 
1955-2015. Of four erosion sites analyzed, two showed significant increases in yearly erosional 
rates from 1.8 m/y to 2.2 m/y and from 0.7 m/y to 1.0 m/y for our two studied time periods. One 
site showed similar erosion rates of 1.6 m/y between the two time periods and a fourth site 
showed a decrease in erosion rates from 1.2 m/y to 0.8 m/y. However, we found out that the 
average erosion rates (i.e. erosion distance divided by timespan) do not necessarily provide a 
complete and accurate picture of the extent and severity of bank erosion. Hence, to get an
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accurate understanding of the riverbank erosion process of the Colville, we not only estimated 
the long-term erosion rates, but also changes in erosion area and the volume of land loss. At one 
of the sites the difference in the erosion area was almost double, from 51,714 m2 to 97,843 m2 
between the periods 1955 -  1979 and 1979 - 2015. At another site, the difference in the erosion 
area was more than double, from 23,884 m2 to 50,352 m2 for the same periods. When we 
compared the average erosion rate at one site (1.6 m/year) to another site (1.0 m/year), we saw 
that the former site had a much higher erosion rate. However, the latter site had the tallest banks 
(average bank height of 33 m) and the volume of land loss was 1,689,813 m3 for the period 
1979-2015, which was ten times more than the volume of land loss at the former site (average 
bank height of 5 m) for the same period.
The novelty of this erosional research is in extending the estimates from two-dimensional 
surface erosion rates (as reported by most studies) to three-dimensional volumes (i.e., the amount 
of material eroded). Whereas there is a wealth of literature available on the former, there is very 
little published on the latter. As per our knowledge, this is the first research that demonstrates 
that for an Arctic river, studies on riverbank erosion that use only erosion rate can be inaccurate 
and grossly conservative. This study validates the significance of mapping erosion areas and 
estimating land loss volumes to gain an accurate understanding of the amount and severity of 
riverbank erosion, as in certain areas the volume of land loss can be disproportionately higher 
than what average erosion rates may suggest. Hence, this study presents not only an improved 
understanding of the extent and severity of riverbank erosion along parts of the Colville, but also 
establishes a method for evaluating land loss from typical eroding banks using publicly available 
DEMs.
We demonstrated that high spatial resolution imagery can be effectively used to monitor 
bluff line erosion along Arctic rivers. This type of monitoring can enhance understanding of 
hydro-geomorphological processes along Arctic rivers and provide information for estimates of 
future change. We have also demonstrated that estimating erosion via automated change 
detection based on simple classification methods can be as effective as digitizing by hand. This is 
important for monitoring large study areas or making multiple change observations in areas 
where hand-digitization is not feasible. We have also successfully used a current DEM to 
calculate the cubic volume of past erosion, and demonstrated the efficacy of this simple method
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for relatively flat Arctic regions. This method can be used in certain situations when land 
topography changes are minimal and no other source of data is available to gauge the height of 
eroded features.
Based on the erosion study results and analysis of climate data, it can be inferred that 
climate warming plays a role in erosion on the Colville. Air and ground temperature warming 
trends on the North Slope are likely the catalyst for increased erosion rates through the thawing 
of permafrost along river bluffs causing massive block failure. Warmer temperatures also mean 
longer ice-free seasons, which results in a longer period in which the river can erode. Trends of 
higher snow depths contribute to more meltwater during the spring breakup, which is the main 
period of erosion for Arctic rivers. If these climate trends continue, it can be inferred that erosion 
along the Colville will continue to increase, resulting in more problems for the residents of 
Nuiqsut, including shallowing of the river channel due to increased siltation, which is why we 
also assessed the feasibility of river depth monitoring with optical remote sensing, to aid river 
navigation.
This study assessed the feasibility of continued river depth monitoring with optical 
remote sensing to aid river navigation. We successfully mapped shallow water bathymetry for 
the 2017 ice-free season using optical images from three different sensors and a proven empirical 
(OBRA) method. Comparison of image derived depth values to field-measured depth values 
showed an average RMSE of 21.8 cm, which is an acceptable amount of error for the purpose of 
using image-derived bathymetry products to aid boat navigation. The end product could easily be 
distributed and integrated into a smartphone or GPS device. Like any map, this product should 
be used in tandem with the local knowledge and judgement of the boat operator.
We have shown that under cloud free and clear water conditions our technique will work 
for mapping bathymetry relevant to boat navigation, with or without water depth data. This 
technique will work for at least three sensors and should be replicable for any optical sensor with 
spatial resolution ranging from 3 - 30m. More field data should help test the robustness of this 
method and give an idea on the average validity-period for a particular bathymetry map product. 
The river depth products will not only benefit the community but also build a database over time 
of river depths, which can provide valuable information for other studies as well as aid in 
planning and decision making to address subsistence access issues.
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Heavy erosion and shallowing of channel play into the larger scheme of river 
geomorphology on the Colville. Future research on remote monitoring of river bathymetry can 
spur new research in the related fields such as fisheries, river hydrology, permafrost, community 
based science, harvesters’ access issues, etc.
Direct future work from this study would include continued river monitoring and the 
collection of more ground truth data in order to further test the robustness of our methods. We 
expect a continued increase in erosion along bluff sites as well as shallowing of river channels. 
With the recent addition of high temporal and spatial resolution satellite imagery, such as 
PlanetScope, continued yearly erosion and bathymetry monitoring is plausible and would be a 
valuable dataset for planning and decision making for the community of Nuiqsut.
Due to the scarcity of high-resolution historic image data we were able to analyze 
images from only four summers for the period 1955 - 2015, but recent launch of many high 
resolution sensors should facilitate yearly monitoring of bluff erosion along the Colville. Given 
the fact that Nuiqsut has critical infrastructure near the bluffs, having accurate erosion estimates 
will help for better planning and mitigation of potentially costly damages.
The development of a Rapid Assessment Tool (RAT) for mapping shallow channels 
would be a valuable dataset for boat navigation on the river as well as studying 
geomorphological changes both intra-seasonal and year to year on the Colville. Plans have been 
set in place for Nuiqsut residents to collect additional sets of depth measurements from summer 
2018. This can easily be performed with existing technology residents already use, such as boat 
depth finders and handheld GPS units. Having this additional dataset would allow further 
validation of our methods and estimating error on the image-derived bathymetry products. 
Ideally we would see accuracies similar to that of our 2017 imagery, with an emphasis on 
highlighting potential shallow water sites and channel connections. Multiple dates from one 
summer season should also be processed in order to see the length of validity of one depth 
product, thus giving an idea of how many scenes need to be processed in one season to fully 
characterize geomorphological changes.
In conclusion, the idea of continued river monitoring for the Colville using remote 
sensing is feasible using the methods presented here and could be achieved by a non-scientist
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with minimal remote sensing / GIS training. An implementation of our methods by the 
community, in order to create a river depth monitoring program, would be an important step 
forward for the advancement of community based science and the co-production of knowledge. 
Furthermore, our technique may help address emerging environmental and societal issues in 
other regions where sufficient river navigation fosters local livelihoods.
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